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ABSTRACT
The level schemes of 17° .171»172,173q s an(j 171,173 ha v e  been  studied using (heavy- 
ion,xn) and (heavy-ion,pxn) reactions. The 5/2"[523] and i13/2 bands were identified in the 
odd-neutron nuclei and the 1/2"[541], l /2 +[660] and 9/2“[514] and 5/2+[402] bands in the 
odd-proton nuclei. The low-spin properties of these bands are analysed using the particle- 
rotor model. In the even-even nuclei the yrast band and negative-parity side bands have 
been identified to approximately spin 24. Bandcrossing frequencies, alignments and 
signature splittings are compared with the Cranked Shell Model. While the CSM is generally 
successful in describing backbending phenomena when appropriate values of deformation 
and pairing parameters are chosen, in all nuclei except 170,171Os, there remain anomalous 
bandcrossings at low frequencies, that it cannot explain. Alternative alignment mechanisms 
outside of the scope of the CSM Eire discussed and are shown to have difficulty in explaining 
these anomalies, particularly in the odd-proton nuclei, where an anomaly occurs in the 
5/2+[402] band but not in the 9/2~[514] band. The bandcrossings are also analysed using a 
phenomenological three-band mixing approach and the anomalies are shown to be 
qualitatively consistent with shape-coexistence caused by a proton intruder excitation, 
presumably an (h9/2)2 configuration, as postulated for Hg and Pt isotopes. Upbending 
phenomena in heavier osmium and rhenium nuclei are also examined and shown to be 
consistent with shape-coexistence. Intruder bandhead energies and pairing gap parameters 
are deduced from the results of the three-band mixing calculations. Reduced pairing is 
found at N=98 when compared to neighbouring nuclei, and in the 5/2+[402] band of 171Re, 
when compared with the 9/2~[514] band.
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1. Introduction
1.1 Background 1
1.2 The subject of this study 6
1.1 Background
Atomic nuclei can be categorised by their shape, which varies according to their 
proton number, Z, and neutron number N. Deformed nuclei lie in regions of Z and N 
between closed shells, where nuclei are spherical.
The spectra of deformed nuclei manifest rotational bands characteristic of quantum- 
mechanical rotors. The evolution of rotational bands with increasing spin is subject to both 
collective and particle degrees of freedom, which cause subtle effects on the level spacings 
of these bands. While not all of these have been explained, in the last decades, our 
understanding has reached a stage where many phenomena effecting bands in deformed 
nuclei have been systematized and understood.
Some important points of our current level of understanding of the perturbations of 
level spacings in rotational bands are summarised below.
We begin with the cause of deformation, as explained by Federman and Pittel [FE79]. 
The proton-neutron (T=0) interaction is strongest when proton and neutron orbitals have a 
large overlap [SH53]. This favours spatial correlations between protons and neutrons which 
give rise to deformation. However, the neutron-neutron and proton-proton (T=l), 
interactions, which pair protons and neutrons into spherically symmetric configurations, are 
normally stronger [FE79]. Deformation sets in when the integrated p-n interaction strength, 
(proportional to the product of valence proton and neutron number, (NpNn)), exceeds that 
of the T=1 interaction, (proportional to (Np+Nn)). The addition or subtraction of particles 
from a closed shell and the filling of highly overlapping proton and neutron orbitals, enables 
the p-n interaction to break the pairing correlations of the T=0 interaction and replace them 
with spatial p-n correlations, causing deformation to occur [FE77],[FE79].
2With the onset of deformation in even-even nuclei, the ground-state rotational bands 
have energies given approximately by
where I is the total angular momentum of the nucleus and $  is the moment of inertia, which 
is related to the nuclear deformation.
A deviation from this simple equation is that the moments of inertia derived from 
nuclear spectra by using equation (1.1) are generally up to 50% smaller than those of a rigid 
rotor. This discrepancy is attributed to superfluid correlations between nucleons caused by 
the pairing (T=l) interaction [B055],[NI61]. In rotating nuclei, the pairing force is opposed 
by the Coriolis interaction, which increases with increasing spin, or rotational frequency 
(Coriolis anti-pairing or CAP). CAP is partly responsible for a gradual increase of 3  with 
spin.
Motte Ison and Valatin [MO60] predicted that at a critical frequency, the Coriolis 
interaction would overcome the pairing correlations, giving rise to a sudden increase in the 
moment of inertia. It would approach the rigid body value as the nucleus changed from the 
superfluid to the normal state. Johnson et al [JO70] provided the first evidence for this 
perturbation, with the observation of a jump in the apparent moment of inertia, above spin 
14, in 160Yb. Subsequently, the study of other deformed nuclei revealed corresponding 
HbackbendsM in a plot of the moment-of-inertia, 3, vs the square of the rotational frequency, 
(a. As an example, a backbend in 182Os is shown Figure 1.1., Both w and 3  can be derived 
from the level spacings in the yrast band using the equations:
(1.1)
23i = 4J-2
fi2 ErE i-2
(1.2)
and
2
(1.3)
30.02 0.04 0.06 0.08 0.10 0.12 0.14
(hu)2 [MeV2 ]
Figure 1.1 A plot of the moment of inertia, vs frequency for 182Os showing a backbend near (fico)2 * 0.06 MeV2. 
(Data from [FA82])
In a purely collective band, I equals the angular momentum of the nuclear core R 
and 1(1+1) in equation (1.1), could be replaced by R(R+1), but in the presence of extra-core 
nucleons of angular momentum j, I=R+j. For the case where j equals i, the aligned angular 
momentum, or the component of the particle angular momentum on the rotation axis, 
equation (1.1) is modified to read
(1.4)
The apparent increase in the moment of inertia can then be interpreted as being due 
to the crossing of the ground-state band, given by equation (1.1), with an excited band, 
given by equation (1.4) (with minimum excitation energy Eq), having an extra pair of 
aligned particles. The crossing is illustrated in Figure 1.2. The backbending phenomenom 
is now attributed due to Coriolis forces aligning the orbital angular momentum of a pair of 
particles with the rotation of the core, rather than the complete collapse of pairing 
[ST72],[BE79].
4A (I-i) (I-i+1) +E
AKI+l)
1 ( 1+ 1)
Figure 1.2 A plot of energy vs spin for bands in a hypothetical nucleus. Over a limited spin range, it is not possible 
to distinguish the crossing of the ground state band with either an aligned band (moment of inertia -  3) or a more
deformed band (moment of inertia -  3') A -^ 2/23. A
The excited band has become known as the s-band, for super, or for Stockholm, the 
place of its discovery. In rare-earth nuclei, and also in the osmium nuclei, the s-band is 
now believed to be based on a pair of aligned i 13/2 neutrons (see eg [ST72],[BE79],[DR82]), 
although the possibility of h9/2 protons has also been considered [NE76].
Bandcrossings occur that are related to changes in the moment of inertia rather than 
a change in the aligned angular momentum o f the nucleus. In some nuclei near closed shells, 
different deformations are possible, depending on the nuclear configuration, a phenomenom 
often referred to as shape coexistence. Examples are found in the light even Pb and Hg 
isotopes, near the closed proton (Z=82) shell where the nuclear ground-states are normally 
spherical or slightly oblate in deformation. With the removal of neutrons from the closed 
shell, the number o f valence neutrons (holes) increases, and these are predominantly in h9/2 
and i 13/2 orbitals. These orbitals have a large overlap with the h9/2 proton orbital, which lies 
above the Z=82 shell gap. Therefore configurations involving the proton (h9/2)g excitation 
have a large proton-neutron interaction, and sire thought [W08 l],[W083],[BE87a] to give rise
5to the excited deformed bands in Hg isotopes, examples of which are illustrated in 
Figure 1.3.
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Figure 13. Partial level schemes of 18 ,^186,188Hg. The moments of inertia deduced from the the level spacings 
(equation (1.2)) of the excited bands indicate that they are more deformed than the ground-state bands. Data from
[MA86],(PR73].[RU73],[HA83].
The interpretation of these level schemes is that the slightly deformed (oblate) ground-state 
bands are crossed by well deformed (prolate) bands. The energy of the deformed prolate 
bands (with moment of inertia ST and bandhead energy ^ ) ,  can be expressed as
E = — KI+D+e L (1.5)
Such a crossing is also illustrated in Figure 1.2, where it can be seen that either an 
alignment or a shape change can give rise to similar changes in level spacings and therefore 
the deduced moments of inertia (equation (1.2)). The distinction is further blurred by other 
effects on the level spacings such as CAP, centrifugal stretching and mixing between the two 
bands. Thus in even nuclei, level spacings alone do not necessarily reveal the nature of the 
crossing band.
6Moreover, it is known that the alignment of particles in soft, deformed nuclei can 
also polarize the core and induce a change in quadrupole deformation or in triaxiality 
[FA77],[FA78],[FR83]. Such a band might be described by equation (1.4) with a value of 
3  different from that of the ground-state band. Thus bands of different deformations exist 
in the same nucleus, also giving rise to shape-coexistence.
We must remember that at a microscopic level, this form of shape-coexistence is 
distinguished from that occurring in the Hg isotopes by the configurations on which they 
are based. In Hg isotopes the wavefunctions of the deformed bands are expected to have a 
larger (;rh9/2 )q component (seniority 0) compared to the ground-state band, while a deformed 
band associated with the alignment, of h9/2 protons for example, would be expected to have 
a large component of the (;ih9/2)g configuration (seniority 2). In the rare-earth region, the 
shape changes caused by alignments are often attributed to i 13/2 neutrons (see eg 
[FR83],[LA84],[J084]), rather than protons.
For convenience, in this work, we shall use the term ",shape coexistence" to refer 
exclusively to coexistence o f different shapes based on configurations that do not involve the 
alignment o f  particles, analogous to the situation in the Hg isotopes.
1.2 The subject of this study
This work focusses on nuclei near Z=76 and N=96. They lie on the boundaries of 
two regions. One where shape coexistence is well established (78<Z=<82) and the other a 
region of strong deformation (Z<76)(see Figure 1.4). Thus, bandcrossings due to shape 
coexistence and particle alignments might appear in a single nucleus. Being transitional 
nuclei, they are also soft, so particle alignments may also cause shape changes.
The impetus for this study came from earlier results on 172Os. In Figure 1.5, the 
moment of inertia is plotted as a function of rotational frequency for both 174Os and 172Os. 
In 172Os, an unexpected upbend occurs at low frequency {{fiw)2 = 0.06MeV2), before a 
sharper backbend ((hw)2 = 0.08MeV2), while in 174Os, (N=98) nearer the edge of the 
deformed region, no backbending is observed. The features of the yrast sequences of 
174,172q s were originally pointed out by Durell et al[DU82j. They suggested that the gradual
794 96 98 IGO 102 104 106 108 110 112 114 116 118 120 122 124 126 N
Figure 1.4 Approximate areas of strongly deformed and shape coexisting regions near osmium nuclei, 
rise in the moment of inertia of 174Os, is a CAP effect due to reduced pairing at N = 98, 
while for 172Os, they proposed two bandcrossings -  the first due to a shape coexistence 
effect as found in the Hg isotopes for example, and the second bandcrossing due to the usual 
i i3 /2  neutron alignment. Since then other explanations for these effects, also based on 
particle alignments, have been proposed.
0.02 0.04 0.06 0.08 0.10 0.12 0.14
(fud)2 [MeV2 ]
Figure 1.5 Moment of inertia vs rotational frequency for 172»1740s. (Data from (DU82J.)
8The focus of this thesis is to search for the cause of the upbend in 172Os -  is it due 
to a shape coexistence effect, or to a particle alignment ? As we have seen, the level 
spacings alone do not reveal the nature of the crossing band. Prior to the commencement 
of this work, only 172Os was known. Experimental evidence was gathered by extending the 
spectroscopy work of Dureil et al [DU82] which only identified unambigously states in the 
yrast sequence. Further, the spectroscopies of 171,173Os and 171,173Re were investigated to 
populate orbitals in neighbouring odd nuclei, to identify which configurations play a 
substantial role. The nucleus 170Os was also explored to see if the effect persists in lighter 
nuclei.
The elucidation of the level schemes of these nuclei enabled the systematics of the 
upbending phenomena and the configurations responsible for it, to be examined.
Experimental methods are outlined in Chapter 2 and the results are presented in 
Chapter 3. Low-spin properties of the bands found in the odd nuclei are interpreted with 
the aid of particle-rotor calculations in Chapter 4. In Chapter 5, the Cranked Shell Model 
is reviewed before a detailed discussion of the bandcrossings found in nuclei under study 
is made in Chapter 6. Explanations for anomalous alignments outside of the scope of the 
CSM, are discussed in Chapter 7, before an alternative model, shape coexistence, is outlined 
in Chapter 8. In Chapter 9, it is shown that phenomenologically, the systematics of 
anomalous bandcrossings in Os, Re and lighter nuclei can be explained as shape coexistence
effects.
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2.1 Reactions
2.1.1 Heavy-ion fusion evaporation reactions
The Osmium and Rhenium nuclei were populated in a variety of heavy-ion fusion 
evaporation reactions, usually initiated by Silicon or Phosphorus beams on Samarium targets. 
The beams were supplied by the ANU 14UD Pelletron accelerator.
Heavy-ion fusion evaporation reactions provide an efficient way to populate 
neutron-deficient nuclei far from stability. The beam is accelerated to energies high enough 
to overcome the repulsive Coulomb barrier of the target nuclei, and a compound nucleus is 
formed when the projectile and target nuclei fuse.
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SPIN (ti)
Figure 2.1 Spin and energy distribution of the residue formed by evaporation of various numbers 
of particles (P). The entry line marks the boundary where the nucleus becomes bound to particle emission.
Depending on the beam energy, the compound nucleus is typically formed at high spin, 
between 40 and 50/i, and at excitation energies of about 65 MeV. The excitation energy is 
shared among all of the constituent nucleons and, initially, the nucleus de-excites by 
evaporating three to five particles. The number of emitted particles increases with 
increasing excitation energy. Each particle only carries away about 1.5fi of angular 
momentum, so that when the nucleus becomes bound to particle emission, it remains at high 
spin. This process is illustrated Figure 2.1. Since neutrons do not experience the Coulomb 
potential their evaporation is normally favoured over charged particle emission. The 
transition probability for the evaporation of a charged particle, TP(E,I) at a given excitation 
energy and spin, compared to that of neutron emission, TV(E,I) is given approximately by 
[BA80]
TV(E,D Cvexp
Bp-B v~VCr (2. 1)
TP(E,D
11
where Bv p are the binding energies of the neutron and charged particle and VCp is the 
height of the Coulumb barrier. The coefficient Cv is of the order of unity and t is the 
nuclear temperature. In neutron deficient nuclei far from the line of stability, Bp decreases 
with decreasing neutron number and charged particle emission becomes more probable, 
competing with neutron emission. In some cases the dominant reaction channel involves the 
emission of at least one proton. For this reason we employed xnp reactions as well as the 
more conventional xn reactions.
Once bound to particle emission, the nucleus decays further by emitting gamma rays. 
Initially, the gamma rays that de-excite the nucleus are mostly statistical El transitions of 
about 1 to 2 MeV in energy. After 4 or 5 such transitions, the nucleus still carries most of 
its initial angular momentum but the density of states has decreased so that the population 
becomes concentrated in fewer states, situated near the yrast line, which is defined as the 
set of states of lowest possible excitation for a given spin. In deformed nuclei the populated 
states are usually members of rotational bands near the yrast line, including the yrast line 
itselt. These decay predominantly by stretched E2 transitions. The feeding from statistical 
transitions causes the population of a band to increase with decreasing spin, enabling 
transitions in these bands to be ordered by their intensity.
2.1.2 Choosing Reactions
In order to form the required compound nuclei, only two groups of stable target and 
projectile combinations were available. The first has beams of atomic number A » 30 (eg 
Si), and targets with A » 145 (eg Sm), while the second consists of beams of A « 58, (eg Ni) 
on targets of mass 115 (eg In). (A restriction due entirely to the location of the stable 
elements on the periodic table.)
In Figure 2.2, the maximum beam energy per nucleon (MeV/Abeam), with marginal 
intensities, of the 14UD accelerator at the time the experiments were performed, is shown. 
The height of the Coulomb barrier per nucleon is approximately the same for both groups, 
at about 4.2 MeV/A in the laboratory frame. As Figure 2.2 shows, the heavier beam was 
near the limit of our accelerator’s performance. Because these energies could not be reliably 
achieved, reactions employing the lighter projectiles were used more extensively.
12
Figure 2 3  Solid line: beam energy per nucleon supplied by the ANU 14UD Pelletron accelerator. Dashed line: 
approximate height of the Coulomb barrier for reactions producing light Os and Re nuclei.
The next consideration in choosing a suitable reaction for populating the desired 
nucleus is the selectivity of the reaction. That is, the desired nucleus should, if  possible, be 
the main product.
Reaction cross sections were calculated using the statistical code ZPACE, [GA80]. 
These calculations proved to be a reliable aid for selecting suitable reactions in advance. As 
an example, in Figure 2.3, the measured excitation functions are compared to the calculated 
cross sections for the 28Si + I49Sm and 30Si + 144Sm combinations. The agreement between 
experiment and theory is quite acceptable, except at lower energies. In general, the code 
underestimates the reaction cross sections at energies close to the Coulomb barrier, partly 
due to the use of a sharp cut-off for the angular momentum distribution, which is known 
to follow a smeared distribution, and also due to uncertainties in the treatment of fusion 
near the Coulomb barrier.
The "cleanest" reactions, those with the least contaminants, were the ones which 
formed the compound nucleus just above the Coulomb barrier. In this case the compound 
nucleus, being relatively cold, evaporates fewer particles and hence there are fewer open 
channels. The lower beam energies also mean that fission of the compound nucleus is less
13
Beam Energy (MeV)
Figure 2-3 Excitation functions for the 30Si+144Sm and 28Si+14^Sm systems. The solid lines are the results of 
ZPACE 1GA801 calculations.
channels. The lower beam energies also mean that fission of the compound nucleus is less 
probable, reducing another source of contamination.
2.1.3 Targets
The targets were metallic foils, usually about 3 to 4 mg/cm2 thick and enriched to 
better them 95% with the desired isotope. This thickness typically represented a loss of 
approximately 15 MeV in beam energy. Because the yield curve for the production of a 
given nucleus is rather broad, the integrated cross-section of a reaction would be maximal 
at beam energies a few MeV above the calculated peak cross-section. The thick target also 
had the advantage that the degraded projectile energies enhanced the population of lower 
spin states, which were the focus of much of our attention.
The targets had thick 208Pb or Bi backings. These isotopes are not strongly Coulomb 
excited and were used to stop the recoiling product nuclei. This was necessary to detect
14
isomeric transitions, (particularly in the odd-nuclei), as most of the nuclei were unknown 
prior to our measurements. Because the stopping time, of the order of psecs, was 
comparable to the time taken to populate high spin levels, states with spin > 20fi were 
Doppler shifted or broadened. Spins up to 24h were observed.
To reduce Doppler broadening, and observe states at higher spin, experiments using 
thinner targets, allowing reactions products to recoil into vacuum (producing uniform 
Doppler shifts), are planned but as yet have not been performed.
2.1.4 Beam energies
The optimal beam energy was first checked by measuring an excitation function 
(based on gamma-ray intensities), for the reaction. Gamma rays were assigned to a nucleus 
of atomic number A, if their intensity maximised at beam energies in between the maxima 
of the production cross sections of the nuclei with atomic numbers A+l and A -l. For 
example, for the 30Si + 144Sm reaction, at 130 MeV, the emission of two particles is 
favoured, populating 172Os, (see Figure 2.3). As the energy increases, the emission of three 
particles becomes most probable, populating 171Os and 171 Re, until 150 MeV, when the 
probability of emitting four particles (creating 170Os for example), increases.
Cross bombardments, which create a nucleus using different target and projectile 
combinations, eliminated possible systematic errors associated with a given target, such as 
competing reactions from different isotopes in the target.
2.1.5 Reactions
The reactions used, as well as beam energies and targets, are summarised in Table 2.1 
and discussed below.
171Os.171Re
With the aim of populating 171Os, the reaction 144Sm(30Si,3n) was employed, with 
a beam energy of 145 MeV on a 3.2 mg/cm2 target. This reaction suffered severe 
competition from the p2n channel, which populated 171 Re equally well. The first reaction 
used to populate 171 Re was 140Ce(35Cl,4n)l71Re, enabling the assignment of some transitions 
to 171 Re. Although ZPACE calculations predicted this would be an effective reaction,
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problems were encountered in producing Cerium targets. Therefore the most useful 
information came from the 144Sm(30Si,p2n) reaction. No convenient pxn reaction was 
predicted by the fusion evaporation calculations, that would selectively produce either 171Os 
or 171 Re.
173Os.I73Re
The reaction 149Sm(28Si,4n)173Os was employed primarily to populate 173Os. A 
3mg/cm2 thick target was used and the optimal beam energy was found to be 145 MeV.
A by-product of the 28Si + 149Sm bombardment was 173 Re, and although this reaction 
is non-optimal, it populated 173 Re with enough strength (see Figure 2.3) to derive a level 
scheme.
172Os
The nucleus 172Os was first populated at the ANU by Durell et al [DU82], using the 
148Sm(28Si,4n)172Os reaction, This reaction suffers from competing reaction channels, so 
that a better reaction, 144Sm(31P,p2n)172Os, was chosen for this investigation, on the basis 
of fusion evaporation calculations. Using a target of 4.5 mg/cm2 thickness, the optimum 
bombarding energy was found to be 150 MeV, and there were very few contaminants. 
170Os
Producing 170Os proved more difficult, owing to the increased probability of charged 
particle emission. A selective reaction is 115In(58Ni,p2n)l70Os, at a bombarding energy of 
250 MeV. This reaction was attempted, but only a small amount of data was collected due 
to accelerator limitations. Most of the final data were obtained using the 144Sm(29Si,3n)170Os 
reaction, at a beam energy of 142 MeV and with a target 3mg/cm2 thick. Although the 
lower energy required for this reaction meant stable accelerator performance, the main 
reaction channel was p2n leading to l70Re.
2.2 The experiments
2.2.1 Gamma-ray detectors
Photons from nuclear decay were detected for spectroscopic analysis using high 
purity Germanium detectors, employed chiefly because of their high energy resolution,
Table 2.1
Summary of experimental conditions
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Type of experiment. Target Reaction Beam
detectors3) thickness energy
(mg/cm2) (MeV)
r - r  coincidences 
170nc
-  CSS-CSS (-90°,90°)
-  LEPS/LEPS-Ge/Ge 
(45%45°,1350/-135°)
144Sm(29Si,3n)
144Sm(29Si,3n)
CSS-CSS (-90°,90°)
IgOs
-  CSS-Ge/Ge (45°,-450/135°)
-  LEPS-Ge/Ge (45°.^5°/135°)
4.5
4.5
*Sm(30Si,3n)
}£Sm (3}P,p2n)
144Sm(31P.p2n)
150
150
1730s.173Re
LEPS/LEPS-Ge/Ge
(45°/-450,1350/-1350)
, 144Sm(28Si,4n) 
144Sm(^Si,p3n)
-  CSS-Ge/Ge (450,^t5°/135°)
-  LEPS-Ge/Ge (450,-450/135°)
-  CSS-CSS (-90 ,90°)
6.0 iln Ce( ^ a ,4 n ) 1706.0 140ce(35a ,4 ) 170
3.2 144Sm(30Si,p2n) 145
r-ray  angular distribution 
4 Ge (0°,33o,57o,90o)
170Os 3.0 144Sm(29Si,3n) 142
1710 s ,171Re 3.2 144Sra(30Si,3n)
144Sm(^Si,p3n)
145
172Os 4.5 144Sm(31P,p2n) 145
&CO?—t KAOs 3.0 149Sm(28Si,4n)
149Sm(^Si,p3n)
147
a)CSS -  Compton suppresssed spectrometer, Ge -  Hyperpure Germanium detector, LEPS -  small volume 
planar Germanium detector.
17
(2keV at « 1 MeV ). The relative efficiencies as a function of energy were calibrated in situ, 
usually with 152Eu, 131Baor 182Ta sources.
Two types of detector were used. The first was the coaxial detector, with a large 
volume that increases the probability of an interaction with higher energy photons giving 
useful detection efficiencies for photons with energies greater than 40 keV.
When the experimental geometry permitted, Compton events were suppressed by 
placing the Germanium detector inside a Compton suppressor, consisting of a large sodium- 
iodide detector that was shielded from the target. If Compton 7-rays in the Germanium 
detector scatter into the surrounding Nal, the signal from the Nal detector was used to veto 
event.
Photons of energy lower than about 80 keV do not penetrate more them a few 
millimetres into the Ge crystal; therefore they have longer charge collection times and can 
cause a deterioration of the timing resolution. In some experiments, the efficiency of the 
large volume detectors was modified by placing metallic absorbers in the path of the gamma 
ray, thus shielding out low energy photons, and reducing the count rate.
The second type of detector employed was the planar Ge detector, which is also 
called a LEPS detector (Low Energy Photon Spectrometer). It circumvents problems with 
charge collection times by having a thin layer, ( < 10mm) of crystal between the charge 
collectors, and is specifically designed for the detection of low energy photons. This 
geometry has a uniform electric field distribution and allows short charge collection times, 
providing good timing resolution. The low detection efficiency for high energy photons 
minimizes the background associated with Compton events.
In the energy calibrations rate dependent effects in the detector and electronics were 
avoided by a simultaneous measurement of gamma-ray energies from a standard source (eg 
Eu) placed near the target, and reaction gamma rays. To avoid pile-up of signals, the 
detector rates were kept below «10kHz in all experiments.
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2.2.2 Angular distribution measurements
The angular distribution of gamma-rays decaying from an excited nuclear state can 
be written in the well known form
Wß) = £  ö ^ kPk(cost?), fc-0,2,4 (2.2)
k
The Qk coefficients account for the effect of the finite solid angle of the detector. 
The Ak are given by [YA67]
FtUtU'j\) = ( - ) H H f [(2 l . I X U 1* 1X2 1 l\tcO>WjjJ.XL,kj(),
PkO') = (27+1)* (-y~m<j mj-m\kO>P(m) ^
Ö2 -  T(/l/)
TU)
J.
The P(m) are the population parameters of the m-substates of the initial state. In heavy ion 
fusion reactions, the P(m) are strongly peaked around m=0, the z-axis being defined by the 
beam direction. The multipole mixing ratio <5, depends on the ratio of transition rates T(2), 
while the Fk coefficients, given by a sum of Wigner 
3-j coefficients, depend on the multipolarity U ) o f  
the transition. Other quantities are defined in 
Figure 2.4
A measurement of the angular distribution 
will yield information about the multipolarity of the 
transition, and for mixed transitions, the nuclear 
wavefunction, provided the statistical tensor p ,^ is 
known. The statistical tensor can be determined 
empirically from stretched transitions between states 
of known spin. Figure 2.4 Gamma-ray decay from an initial 
s t a t e  w i t h  s p i n  
jj to a final state with jf via an intermediate 
state with spin j.
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In a single experiment, "angular distribution" measurements were made on all of the 
nuclei presented in this thesis, by changing the beam and target as required. Four 
unsuppressed germanium detectors were placed at 0,33,57 and 90 degrees to the beam axis 
as shown in Figure 2.5. The target-detector distance, about 13cm, implying QK coefficents 
effectively equal to unity, was adjusted for each detector to give approximately equal 
detection efficiencies. To reduce contamination from low multiplicity events, events from 
the detectors were only recorded if they were in prompt (250 nsec) coincidence with a gating 
signal from a multiplicity filter, consisting of six 5cm x 5cm sodium-iodide detectors placed 
in a halo around the beam-line, upstream of the target. It provided a gating signal if one 
or more of the sodium iodide detectors fired.
Multiplicity Filter 
/  6 x  Nal
Beam
Target
Figure 2.5 Schematic diagram showing the target and detector geometry of the angular distribution measurements.
The probability that m out of a total of N detectors will fire, each having a detection 
efficiency e, if the multiplicity is M, is given by the Binomial distribution p(m)
p (m )
m
m
B(1 -Af£)N_m (me)m
N\
(2 .4)
((iV-m)!m!)
The nuclei of interest, populated at around spin 40, have a multiplicity of around 20 
compared with the low multiplicity of contaminants due to Coulomb excitation or
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radioactive decay, typically, about 4. If e = 0.02, the filter will achieve an enhancement by 
a factor of 2.5 for events with M=20 over events with M=4, if  one or more detectors fire.
The spectra recorded in these measurements were fitted using the program GASPAN 
[RI88], in order to obtain the intensities of the gamma-ray lines. After correcting for 
detector efficiency and dead time, these intensities were used to obtain the Ak coefficients 
of equation (2.2).
J ______1  ^ _______ I_____ I_______ I I  11 11_____ 1_________ I____ 1_______ 1______ I_______ L_
2 4 6 8 10 12 14 16 18 20 22 2 4 26 28
Figure 2.6 Experimental statistical tensors vs initial spin. Solid lines are fits used to give values of in the 
determination of multipole mixing ratios.
Strictly speaking, because coincidences were observed with gamma rays in the 
multiplicity filter, our measurements were not angular distribution measurements but 
directional correlation measurements from oriented states (DCO). However, the detection
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of a gamma-ray near 180° to the beam axis did not appear to change the substate populations 
P(m) so that the statistical tensors p^  would be substantially altered. In Figure 2.6, the 
measured p^  coefficients of stretched quadrupole transitions obtained from some of the 
nuclei studied, are plotted as a function of spin. These are not significantly different from 
those measured in "true" angular distribution measurements on nuclei formed by similar 
reactions [WA78b].
The value of p^ , given by a fit to the empirically determined p^s shown Figure 2.6, 
was used to determine mixing ratios by fitting equation (2.3) to the data.
2.2.3 Excitation functions
A typical experiment began with a measurement of the excitation function, with the 
beam chopped on and off every millisecond. Out-of-beam events were routed to the top 
4096 channels of an 8k spectrum by adding 4096 channels to the digitally converted gamma- 
ray pulse height. The out-of-beam data gave information on contaminants from any 
radioactivity caused by the beam. With the completion of the excitation function, a beam 
energy was chosen, which optimised, with minimal contaminants, the population of the 
desired nucleus.
2.2.4 7-7  coincidence experiments
Level schemes were deduced with the aid of 7-7  coincidence data. Firstly, a general 
outline of a 7 -7  coincidence measurement, (these were performed before the angular 
distribution measurements) is given.
Since most of the states in the nuclei of interest have lifetimes below the resolving 
time of the electronics, about Ins, decays from a given nucleus effectively occur 
simultaneously. Thus, apart from random coincidences, if two or more detectors fire 
simultaneously, ie they are in "prompt coincidence", the gamma-rays must have come from 
the same path within the decaying nucleus. Coincidence relationships, energy sums and 
gamma-ray intensities enable the level scheme to be deduced.
Standard fast/slow electronic techniques were used to process the signals from the 
detectors. Near the detector, a signal obtained from the detector pre-amplifier was
22
-800 -600 -400 -200 0 200 400 600
tim e [ns] .
Figure 2.7 Time spectrum from coincidences between two large volume Ge detectors.
processed by a timing filter amplifier (ORTEC 474) and constant fraction discriminator 
(ORTEC 473A), which furnished a logic signal suitable for fast timing. This pulse however, 
was still subject to time walk caused by different charge collection times in the detector due 
to different energy photons. A Time to Amplitude Converter (TAC), which gave a linear 
pulse dependent on the time between two timing signals, was used to measure the time 
difference between two detectors in a given event. A typical time spectrum between two 
large volume detectors is shown in Figure 2.7, where the TAC range was about 2 /zsec. The 
mounds on either side of the prompt peak are due to the time walk of the lower energy ( < 
100 keV) photons. Events on either side of the prompt peak also correspond (apart from 
random coincidences and time walk), to events in one detector occuring either "early" or 
"late" with respect to the other detector because of isomeric (lifetimes > Ins) transitions. An 
energy signal from the detector pre-amplifier was amplified by an ORTEC 572 spectroscopy 
amplifier away from the target area, before being gated into analog to digital converters 
(ADCs) and into a computer interface.
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Coincidence data was recorded in event by event mode, which simultaneously 
recorded gamma-ray energies and TAC outputs on magnetic tape.
The detector geometries used in the various coincidence measurements are 
summarised in Figure 2.8, and commented on below.
Compton
Suppressor
Smr Si.Sn) 'u0s
beam-----
135° 45° Pb shield
(l -«-beam — beam—
Sm(° P,p2n) ^Os
Sm röSi,4n) ' ^Osbeam—
Figure 2.8 Experimental geometries used in the 7-7  coincidence measurements.
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171R e.171O s.170Os
The geometry used in the measurements of 171 Re, 170,17 ^ s ,  shown schematically in 
Figure 2.8a, employed two Compton suppressed Ge detectors at nearly + /- 90° to the beam. 
172Os
A different geometry, illustrated in Figure 2.8b, was used in measurements on 172Os. 
Two coincidence experiments were performed, the first with a Compton suppressed detector 
at 135° to the beam axis. Because of the size of the Compton suppressors, there was only 
enough room near the target for a maximum of two suppressed detectors. Therefore a 
compromise was made to increase statistics by using two other unsuppressed germanium 
detectors instead of a suppressed detector, placed at +/- 45° to the beam axis. These angles 
were chosen partly, to reduce angular correlation effects. A second coincidence experiment 
substituted the suppressed detector with a LEPS detector, and a glass chamber was used, 
enhancing the detection of low-energy photons. The beam was stopped remote from the 
target, again reducing contamination.
173Os.173Re.170Os
Finally, shown in Figure 2.8c, is the geometry used in measurements on 170,173Os and 
173Re. It consisted of two Ge detectors at +/-45° to the beam, and two LEPS detectors at 
+/-135° to the beam. These were shielded from each other by lead barriers. The glass 
chamber was again used. Coincidences were recorded from all six combinations of detectors 
enabling x-x,x-7  and 7 -7  coincidences to be measured in one experiment.
2.2.5 Off line analysis
The off-line analysis of the coincidence data involved the generation of spectra 
corresponding to gamma rays detected in the second detector, occurring in a specific time 
relation to gamma rays of defined energy in the first detector. Background spectra were 
obtained by setting gates in featureless regions in the spectrum of the first detector. The 
time range was defined by a condition on the TAC spectrum. In selecting prompt 
coincidences, gates on the TAC spectrum were sufficiently wide to include low energy 
events and avoid distortion of the detector efficiency.
C
O
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Searches for isomeric transitions were also made. Any isomers should be delayed 
with respect to high energy transitions ( > 1000 keV) in the continuum region as they occur 
immediately after the formation of the residual nucleus. A large gate (devoid of any obvious 
peaks) in the high energy region in the spectrum of the first detector was set, and several 
gates corresponding to different time ranges were set on the TAC spectrum. These were 
used to generate gamma-ray spectra from the second detector, the isomeric transitions being 
selected by the delayed gates on the TAC. The strength of these transitions in the various 
time ranges enabled the optimal time range to be chosen for the TAC spectrum, and another 
sort would then be made to project delayed or early 7 -7  coincidences.
Originally, a HP2000 computer with 32kbytes of memory, was used to sort the data 
using established software. With this system only 76 gates could be set in a given scan of all 
of the tapes. With the acquisition of a new computer (VAX750), the greater memory 
capacity (8Mbytes) meant that sorting into two dimensional gamma-gamma arrays stored in 
the computers memory, was possible. This is illustrated in Figure 2.9.
To correct for gain shifts before the events were added to the array, corrections were 
made digitally during a tape transposition process using a subroutine that performed the gain
C H A N N E L S  ( E N E R G Y  / j  >
Figure 2.9 An element in a 7 -7  coincidence array.
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shifting without introducing rounding errors. A pre-sort of a sample of the tapes established 
the size of the necessary corrections.
Once the array was constructed and saved on disk, any slices across the array, 
corresponding to a gate set on one axis and projection onto the other, could be viewed at 
random. New computer programs for this type of analysis were developed by the author, 
but programs for retrieving and displaying the spectra were written by G.S.Foote.
CHANNELS
Figure 2.10 Gates (Gj 2 3) set over a triplet of peaks (Pj 2 3)-
The coincidence spectra were generally fitted using the program GASPAN, both to 
determine the intensities of the transitions and their energies, particularly if the lines were 
complex (doublets or even quintuplets!).
The coincidence spectrum of a given gate may have contributions from unresolved, 
or partially resolved lines, within that gate as illustrated in Figure 2.10. In general, the 
number of counts, or intensity, in the spectrum generated by gate i, Gi5 is given by
G, = E “ ijPj (2-5)
where Pj is the intensity of the jth line, and ocV] is the proportion of the total intensity of the 
jth line in the ith gate.
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If as many gates are set across a multiplet as there are lines in the multiplet, and the 
ofjj are known, it is possible to obtain the Pj, from the Gv and deconvolute coincidence 
spectra of the individual lines in the multiplet, by inverting equation (2.5)
The ratios al} can be determined by fitting the totalised spectrum on which the gates 
are set. However, the unresolved lines encountered in this work were frequently very 
complex, and fitting could not usually determine the cc^ ’s sufficiently accurately. Therefore, 
a given aV] was usually determined by the ratio of the total intensity of lines known (or 
initially assumed) to be in coincidence with the jth line, in the projected spectrum of the ith 
gate, to the sum of these intensities in all of the projected spectra of the gates set across a 
multiplet.
90/-9Ö6 . 0 -
Quad . gate
a 1=1 gate
- 1 . 0 - 0 . 5
mixing ratio
Figure 2.11 Predicted ratios of AI - 1 to (stretched) quadrupole transition yield following the 
detection of an initial stretched quadrupole transition (solid line) or a A l-1 transition (dashed line) in the 
geometries of the 77-coincidence measurements. The mixing ratios of the initial and subsequent transitions have 
been set equal (the case in a strongly-coupled band of an odd nucleus).
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The determination of gamma-ray intensities from the coincidence data is also 
complicated by DCO effects caused by the detector geometry. The angular correlation with 
an initial transition, of a subsequent AI=1 transition, compared to that of a subsequent 
stretched quadrupole transition, depends on the multipolarity of the initial transition, the 
detector geometry and mixing ratios. The effects, estimated using a program written by 
A.E.Stuchbery, are summarised in Figure 2.11. The predicted ratio of AI=1 to stretched 
quadrupole transition intensity detected in coincidence with an initial dipole transition 
strongly depends on the mixing ratio. TTie effect is not as severe if the initial transition is 
a quadrupole in the 90V-900 geometry, and so intensities in this geometry were, where 
possible, determined from gates on quadrupole transitions. Otherwise corrections were made 
to the measured intensities.
23  Internal conversion and the identification of atomic number
A process which competes for intensity with gamma-ray emission, is internal 
conversion, in which the energy and momentum of the decay is transferred to an orbital 
electron, causing it to be ejected from the atom. Subsequently, electrons in outer orbits fill 
the gap, and in so doing emit an x-ray(s), characteristic of the atomic number. The 
observation of gamma rays in coincidence with these x-rays was used to determine atomic 
numbers.
The internal conversion coefficient a  = 2c/2 / , measuring the ratio of conversion to 
gamma transition probabilities, depends sensitively on the energy, multipolarity and type 
(electric or magnetic) of the transition. The total internal conversion coefficient is shown 
for various types of transitions as a function of transition energy in Figure 2.12, for osmium 
nuclei. At a given energy, the determination of the conversion coefficient can ascertain the 
multipolarity of the transition. This is normally done by measuring both electron and 
gamma intensities. In favourable circumstances however, the ratio of intensities of two 
gamma rays (one of known multipolarity), decaying from states below one fed by the gated 
transition in a coincidence spectrum, can be used to infer the conversion coefficient and 
hence the multipolarity of the transition, if there are no other branches.
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Figure 2.12 Total internal conversion ratios as a function of energy for various multipolarities in Os from [R078].
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The results of the coincidence experiments and the angular distribution 
measurements, used to construct the decay schemes, me presented in this chapter. Because 
the level schemes of most of the nuclei under consideration were unknown before this work, 
nuclei nearest to the line of stability are considered before lighter isotopes, as their 
systematic behaviour with decreasing neutron number assists in the identification of bands. 
Transitions were assigned to a nucleus using information gathered from the excitation 
functions, (see eg Figure 2.3), cross-bombardments and coincidences with characteristic
atomic x-rays.
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3.1 Even-even nuclei
3.1.1 172 Os
Prior to the commencement of this study, only the yrast band and some transitions 
in the sidebands of l72Os were known. The results presented here, are independent of others 
published recently [WE89]. Transitions assigned to 172Os, and their properties, are given in 
Table 3.1. The level scheme of 172Os is shown in Figure 3.1
S id e band I II
20' )
4834.2
Figure 3.1 Level scheme of 172Os deduced in this work.
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A search was made for time-delayed transitions in the data of both coincidence 
experiments (employing the large volume suppressed detector and the LEPS detector), but 
no isomers were found.
In Figure 3.2, the spectrum observed in the Compton suppressed detector, in 
coincidence with the sum of the (prompt) 2+->0+ and 4+->2+ gates, is presented. It shows 
most of the 172Os gamma rays observed in this work. In Figure 3.3 the corresponding 
spectrum in the LEPS detector is shown. Osmium x-rays are clear, but no transitions below 
100 keV were found that could be assigned to 172Os.
In the absence of interband-decays, transitions within a band were ordered by their 
relative intensities. For example, in Figure 3.4, the 587 keV gate shows transitions of the 
yrast band -  those placed below the 3591.4 keV level have similar intensities, consistent 
with the 587 keV transition feeding into the 3591.4 keV level, with no out-of-band decays 
from states below i t  The remaining transitions order, by their intensities, the higher lying 
levels in the band, as shown in Figure 3.1. Other gates confirm this ordering. At lower 
spins, the order of transitions in the yrast band was defined by transitions feeding into it 
from other bands.
Spin assignments were aided by the angular distribution data. For example, 
transitions up to the 3591.4 keV level had angular distributions consistent with stretched 
quadrupoles, hence the even spin assignments up to the 16+ state. Transitions placed above 
this level were contaminated in the present work, but are consistent with stretched 
quadrupoles according to previous work [DU82].
siiinoo
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228 and 378 keV gates -
energy [keV]
Figure 3.3 The sum of the 228 and 378 keV gates on the Ge detectors, projected onto the LEPS detector.
587 keV gate
400
energy [keV]
Figure 3.4 The 587 keV gate in *^Os.
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The sum of the 322 and 396 keV (prompt) gates from side band I is shown in 
Figure 3.5a. This spectrum, and the summed gates in Figure 3.2 , show the 453.6,602.1,924.3 
and 1050.7 keV transitions connecting the yrast sequence and side band I. These transitions 
unambiguously place the 322.3 keV line below the other transitions in side band I, and also 
confirm the previous ordering of transitions [DU82] in the yrast sequence at low spin. The 
angular distributions of the connecting transitions were consistent with dipole character, 
resulting in odd spin assignments to the levels in side band I, in accord with similar bands 
observed in other osmium isotopes [DR82],[DR88a].
Sideband II feeds into side band I via the 471.6 and 556.3 keV transitions. Both of 
these were contaminated by other stronger lines in l72Os and hence their multipolarities 
could not be determined by the angular distribution measurements. Therefore firm spin 
assignments were not made.
Figure 3.5b shows the sum of the gates of the transitions above the 2636.9 keV level 
in side band III, which was observed to feed into the ground-state band via the 
1122.3,1006.7,890.3 and 612 keV transitions. They establish the order of the levels up to 
that at 2636.9 keV. In [WE89], the 354 keV transition was placed above the 221 keV 
transition, however in our data (see Figure 3.6) the 890 keV gate shows the 221 keV line, 
thereby ordering the 221 and 354 keV transitions and placing a level at 2416.0 keV. A 333.9 
keV transition, not reported in [WE89] is placed at the bottom of the band. Side-band III 
was also connected to side band I via the 261.1 keV transition. Both the 261.1 and 612 keV 
transitions are weak, the 261.1 keV line in Figure 3.5b being contaminated, principally by 
a transition in 172Ir. In the spectrum shown in Figure 3.5b, it is evident that the intensity 
of the 322.3 keV line is greater than that of the 261.1 keV line, therefore there must be 
unobserved transitions leading to the 1979.5 keV level from side-band III.
The angular distribution of the 1006.7 keV transition was consistent with a J-+J 
transition; therefore the 2061.8 keV level probably has J = 6. The 354.2 and 890.3 keV lines 
were contaminated by lines from, respectively, I73Os and 40K (the latter produced by 
reactions with oxygen or carbon on the target). Therefore the spins of the levels in this band 
above the 2061.8 keV level are uncertain.
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Tabic 3.1
Gamma rays assigned to l^ O s .
Energy
161.9
220.9
227.9 
261.1
276.0
322.3
333.9
351.3
354.2
362.6
369.5
378.7
391.4
396.4
413.5
427.6
429.0
431.7
448.6
453.6
470.8
471.6
476.1
484.9
488.8
499.2
508.5
517.2
525.6
530.4
531.8
536.7
540.8
555.5
556.3
565.7
565.8
572.5
587.2
596.0
602.1
605.0 
612
618.9
624.1
635.1
644.5
655.6
697.3 
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816.8
890.3
924.3 
945
1006.7
1050.7
1122.3 
1267.2
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163(5) 
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26(4)a 
63(3) 
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144(4) 
290(7) 
35(5)a 
30(8)a 
137(4) 
21(2)a 
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102(3) 
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64(1l]a 
44(5)a 
16(5)a 
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70(8)a 
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<l° 2
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7W 0.23(6) -0.04(5)
11« 0.34(7) -0.13(7)
0.22(18) 0.42(20)
4+ 0.30(3) -0.09(4)
8+ -0.09(5) -0.06(5)
Sh 0.29(4) -0.04(5)
( 10*) {0.31(7) -0.04(7)}b
14+ 0.30(4) -0.04(5)
8 + 0.31(4) -0.08(5)
( l f ? ) 0.33(8) , - 0 .12(8)
( 12*) 0.17(12)b
4+
12+ {0.35(6) -O.JK8)}b
10+ 0.38(4) -0.13(5)
(i t a
(!??-)
(!P
17(0
0.02(5) -0.07(6)
6 + 0.00(5)
(18*)
10+
(19*) 
14 + 0 .22( 12) 0.07(14)
12+ 0.22(9) -0.17(9)
(21*) 
18+ 
20+ 
(22+ )
8+
6 + -0.59(7) 0.41(8)
6 + 0.33(8) 0.07(10)
4+ -0 . 12(6) -0.03(7)
4 + 
4 +
a) Intensity derived from 7-7  coincidence data
b) Includes stretched quadrupole transition in 1730 s
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The placement of the 1139 keV level is uncertain. Ambiguities arise because the 
statistics in the 427.6 keV gate and 1006.7 gate (which sees a transition near 413 keV) are 
low and the energies of the transitions in coincidence are not well defined. Information in 
of the ail of the other gates support the placement.
Lines observed in coincidence with transitions in 172Os, but not placed in the level 
scheme, are also listed in Table 3.1.
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890 keV gate
contaminants
energy [keV]
Figure 3.6 The 890 keV gate in 1720s.
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3.1.2 170 Os
The data were analysed by G.D.Dracoulis, therefore, only the level scheme is 
presented in Figure 3.7, taken from [DR88a].
AB
(24-) 67 0 7
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(2 3 " ) 6399
8 5 9
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5 0 5 6
I
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Figure 3.7 The level scheme of ^ O q s .
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3 / 2( 752|
11/ 2 (505)
•1/ 2 (521]
Figure 3.8 Nilsson diagram for neutrons, from [GÜ<»?].
3.2 Odd neutron nuclei
3.2.1 Neutron Nilsson levels
Before the results or the odd-neutron nuclei are presented, the reader is reminded 
of the relevant Nilsson orbitals in Figure 3.8. The Fermi surface at « 0.2 of 171,l73Os lies 
near the 5/2_[523] and 5/2^[642] orbitals. The positive parity i 13/2 orbitals will be strongly 
mixed by the Coriolis interaction (see Chapter 4).
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3.2.2 173 Os
The 173Os level scheme is shown in Figure 3.9, with the transitions and their 
properties listed in Table 3.2.
(53/21 -5819.0 + X
780.9
(99/21
5038.6 * X
■9235.6 + X
3530.5 ♦ X
2873.8 ♦ X
187.7 ♦ X
Figure 3.9 Level scheme of 1730s.
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Prior to this work, the only information on the levels in 173Os was from the a-decay 
studies of Hagberg et al [HA79]. (Since the completion of the present study a band assigned 
to the favoured sequence of the i13/2 band has been reported [WE89].) Two alpha-particle 
lines from the decay of the ground state of 177Pt revealed the ground state of 173Os and an 
excited state at 91.8 keV, with most of the intensity going into the ground state. Recently 
the ground state of l77Pt was assigned to the 5/2" member of the 5/2“[512] band [DR90].
Figure 3.10a and b shows selected gates from the band based on the ground state in 
the present work. A 91.8 keV line, presumably the line seen in the or-decay work of 
Hagberg et al [HA79], decays to the ground state. Since the Fermi surface is expected to lie 
close to the 5/2"[523] Nilsson orbital and the or-decay favours the ground-state it probably 
has spin and parity 5/2". This is supported by the agreement between the observed band 
properties and particle-rotor calculations of the signature splitting and B(M1)/B(E2) values, 
performed in Chapter 4.
Mixing ratios were found for the 91.8,127.9 and 168.1 keV transitions. Chi-squared, 
plotted as a function of the mixing ratio <5, is shown in Figure 3.11. A comparison is made 
with the predictions of the particle-rotor model in Chapter 4.
In Figure 3.12, a spectrum of gamma rays delayed with respect to the 232.4,389.6 
and 484.2 keV transitions is shown. It displays clearly the 49.5 and 91.8 keV transitions. 
Using the ratio of intensities of these two transitions and the measured mixing ratio and 
theoretical conversion coefficients [RÖ78] for the 91.8 keV transition, the conversion 
coefficient of the 49.5 keV transition was deduced to be « 0.5. This is consistent only with 
an El character (the conversion coefficients for other multipolarities are at least an order 
of magnitude higher) implying that the state at 141.3 keV has a spin and parity of 9/2+. A 
rough estimate of a lifetime of several microseconds was obtained from the spectrum of the 
TAC that measured the time between events in the planar and large volume detectors.
Tabic 3.2
Gamma-rays assigned to ^^Os.
Energy Intensity *1 <f a2/ a 0 V A q
49.5 1136(282)a 9/2+ 7/2'
91.8 98(6) . 1 / T 5/2' -0.67(7) 0.05(8)
127.9 173(9) 9/2‘ 7/2‘ -0.74(3) 0.08(4)
133.1 14(7) 17/2-
147.0 33(7)° 13/2- 11/ 2- -0.40(10) 0.15(13)
168.1 105(6), 11/ 2- 9/2* -0.72(5) 0.06(6)
210.9 20(2)°
218.2 133(7) (15/2+) (13/2) -0.17(4) -0.08(5)
219.7 115(6) 9/2' 5/2' 0.25(5) -0.04(6)
225.4 34(3) 13/2* (9/2-)
(13/2+)
0.20(15) -0.13(15)
232.4 953(48) (17/2+) 0.28(1) - 0.10(8)
260.4 30(12)°
(15/2+)264.6 130(17) (13/2+) -0.46(6) 0.15(6)
265.1 52(14)J 15/2*
277.4 53(13)°
296.0 216(11) 11/ 2- 7/2* 0.23(3) 0.00(3)
315.1 420(21) 13/2* 9/2‘ 0.29(2) -0 .11(2)
333.2 319(17) 15/2* 11/ 2* 0.23(3) -0.04(3)
354.9 459(241
30(6)°
17/2- 13/2* 0.29(2) -0.14(3)
359.7 0.04(17)
-0.06(5)}c363.3 261(60)° (19/2+) (15/2+) {0.23(3)
371.9 330(17) 19/2* 15/2* 0.28(2) -0.07(2)
389.6 1000(501
79(9)°
(21/ 2+) (17/2+) 0.30(1) -0.07(1)
395.7 (19/2+) (17/2+)
399.7 469(24) 21/ 2* 17/2* 0.32(2) -0.08(2)
424.5 373(19), 23/2* 19/2- 0.27(2) -0.10(3)
444.8 208(67)° (23/2+) (19/2+)
448.5 548(411°
43(9)°
25/2' 21/ 2- {0.33(1) -0.07(1))°
450.4 (23/2+) (21/ 2+)
467.7 26(10)° (27/2 + ) (25/2+)
—0.11 (4)}e476.8 291(25)° 27/2' 23/2* {0.36(6)
484.2 783(40) (25/2+ ) (21/ 2+) 0.27(2) -0.03(2)
494.2 452(241 29/2* 25/2' 0.26(3) -0.02(3)
501.5 258(79)° (27/2+) (23/2+) {0.24(3) -0.01(3)}e
524.7 62(17)°
525.6 271(16) 31/2- 27/2* 0.26(4) -0.03(6)
533.3 384(41) 33/2' 29/2’ 0.34(3) -0.10(4)
535.6 739(39) (29/2+) (25/2+) 0.29(3) -0.11(4)
553.4 295(19), (31/2+) (27/2+) 0.51(10) -0.23(7)
563.3 142(24)° (35/2‘) 31/2"
-0.23(4)}e566.6 273(26)° 37/2- 33/2' {0.33(4)
572.4 552(291
21(3)°
(33/2+) (29/2+) 0.33(2) -0.13(2)
585 (39/2') (35/2-) 0.44(15) -0.05(9)
594.8 110( 11) 0.36(8) -0.08(4)
601.5 153(10) (35/2+) (31/2+) 0.33(3) -0 .11(2)
605.0 203(16) (37/2+) (33/2+) 0.33(2) -0.14(5)
608.6 460(24) 41/2- 37/2* 0.45(5)
612.5 209(12)
618.4 68( 12)° (41/2+) (37/2+) 0.31(5)
645.9
650.3
656.7
224(13). 
74(153° 
112(9)°
(43/2-)
(39/2+)
(39/2*)
(35/2+)
661.5 60(10)°
666.7 61(16)° 45/2* 41/2- 0.17(19)
667.1 82(9),
674.3 32(8)b
683.1 38(9)° -0 .02(6)
684.8 55(8)° (45/2+) (41/2+) 0.20(6)
687.9
695.9
207(12)
63(15)°
(49/2-)
(43/2+)
(45/2*)
(39/2+)
705.1 105(7) (49/2 + ) (45/2+) 0.13(6) -0.04(7)
736.2 69(5) (53/2+) (49/2+) 0.28(9) -0.19(9)
780.9 55(6)b
a) Intensity derived from singles measurement with LEPS detector.
b) Intensities derived from 7-7  coincidence data.
c) Includes 17/2+ to 13/2+ stretched quadrupole transition in 173Re.
d) Includes stretched quadrupole transition in 1720s.
e) Includes stretched quadrupole transition in 173 Re.
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127.9 keV :
91.8 keV
-1 .5  -1 .0
ArctanS
Figure 3.11 Chisquared per degree of freedom versus the arctangent of the mixing ratio Ö for transitions in ^ 3Os, 
and the spins assigned in the level scheme.
The 232.4 ,389.6 and 484.2 keV transitions are assigned, on the basis of systematics, as 
members of the i 13/2 band in a agreement with the tentative assignment of [WE89]. In 
Figure 3.13a, a summed coincidence gate shows the transitions of the favoured sequence of 
the i i3 /2  band, while Figure 3.13b shows a coincidence gate obtained by gating on members 
of a band observed to feed into the favoured levels via the 264.5,395.7,450.4 and 467.7 keV 
transitions. Although the multipolarities of these transitions were not determined, the
k
46
232+390+484 keV gates
time range : 50 - 260 nsec
* contaminants
§ 100
energy [keV]
Figure 3.12 Delayed gamma-rays with gates on the 232,390 and 484 keV transitions in the 1730s i13/ 2 band.
structure of the band suggests that they form the unfavoured sequence of the i13/2 band. 
The observed intensities of transitions in the i 13/2 band compared with those in the 5/2"[523] 
band, imply that the the i13/2 band is yrast. Consequently, although the 141.3 keV state has 
a spin and parity of 9/2+, the 232.4 keV transition should correspond to the 17/2+ to 13/2+ 
decay. Therefore an unobserved 13/2+ to 9/2+ transition with an estimated energy of less 
than 60 keV, is postulated. No other transitions from the i 13/2 band to the 5/2“[523] band 
were found that would fix this energy. Similar problems in observing states belonging to the 
i 13/2 bands below a spin of 13/2+ have been encountered in light W and Hf isotopes (see eg 
[BL87],[RJE85]).
Finally, while the energy of the 218.2 keV transition at the bottom of the unfavoured 
i13/2 band is what one might expect for the 15/2* to 11/2 ^  transition, its angular distribution 
suggests a dipole character and is not consistent with a stretched E2. The line was resolved 
in the angular distribution data, and no significant (>20% population) contaminants were 
observed in the coincidence gate placed on it. The structure of the level at 187.7+x keV 
remains an outstanding problem.
eV
 g
at
3.2.3 171 Os
The level scheme of 171Os is shown in Figure 3.14. Transitions assigned to 171Os, with 
their intensities and anisotropies are listed in Table 3.3
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<49/ 2 1 --------- 1----------- 5285.4
740.1
(39/2“)
OS/2-)
<31/21
597.1
533. 6
-4 8 1 .7 -
(27/2~)
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(21/21 — S11.3---------§------ 1(45.5
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Figure 3.14 Level scheme o f 171 Os.
Band identification and spin assignments were aided by the consideration of the 
systematics of nearby nuclei and particle-rotor calculations (section 4.2). The only prior 
information available on the levels of 1710 s  came from the alpha decay study of [HA79].
Tabic 3.3
1 ■TI
Gamma-rays assigned to ' *Os.
49
Energy Intensity *i k a4/A o
76.9 23(1l)a 
57(8)a
(7/2') (5/2*)
131.1 (9/2-) (7/2-)
208.0 18(4)a (9/2-) (5/2-)
237.9
254.2
33(9)a
1210(ll3)a
(11/22
(17/2+)
(9/2-)
(13/2+) {0.22( 1) -0.07(1) l b
262.9 96(5) (31/2-) (27/2') 0.28(7) -0.07(7)
317.4
355.1
37(10)a
21(5)a
(31/2-) (27/2')
359.7 114(6) (29/2*) (27/2+) 0.41(7) 0.09(8)
369.0 85(21)a ( 11/ 2-) (7/2-)
373.5 222(8) (33/2‘) (29/2‘) 0.32(3) -0.10(3)
380.6 30(6)a (29/2*) (25/2‘)
394.1 210(10)a (13/2)
(27/2+)
(9/2'j
(23/2+) 0.37(7) -0.03(8)409.8 85(5)
439.9 . 
447.7
116(73)a
1000(40)
(35/2)
(21/ 2+)
(31/2*)
(17/2+) 0.27(6) -0.09(9)
448.9 120(27)a (27/2*) (23/2')
450.2 254(14)a (15/2) (11/ 2-) {0.30(4) -0.08(4) }c
481.7 77(20)a (31/2-) (27/2‘)
489.2 72(14)a (29/29 (25/2*)
498.7 109(21)a (25/2‘) (21/ 2-)
503.5 39(15)a (27/2-) (23/2’)
506.1 162(29)a (19/2-) (15/2*)
509.8 182(42)a (17/2*) (13/2-)
511.3 155(34)a (23/2’) (19/2*)
522.5 189(7) (37/2') (33/2') 0.25(4) -0.09(4) .
533.6 77(17) (35/2‘) (31/2-) {0.35(4) -0.14(4)kd
533.6
564.4
142(34)
209(16)a
(21/ 2*)
(41/2+)
(17/27
(37/2+)
{ r
567.6 890(29) (25/2+) (21/ 2+) 0.34(2) -0.07(2)
583.2 63(12)a
597.1
608.4
4l(10)a 
270(9) *
(39/2")
(37/2+)
(35/27
(33/2+) 0.25(3) -0.18(4)
611.1
628.6
50(17)a
677(22)
(39/2")
(29/2+)
(35/2-)
(25/2+) 0.27(1) -0.05(2)
640.1 114(6) (41/2*)
(45/2+)
(37/27
(41/2+)
0.19(6) -0.16(7)
642.7 110(5) 0.08(6) -0.05(7)
644.8
654.4
415(13)
48(9)a
(33/2+) (29/2+) 0.27(2) -0.15(2)
659.6 95(12)a
708.7 109(12)a (27/2+) (25/2+)
712.4
740.1
68(13j a 
15(5)a
(45/2-)
(49/2+)
(41/27
(45/2+)
0.06(23)780.1 58(6) (37/2+) (33/2+) 0 .01( 12)
866.3 124(10) (23/2+) (21/ 2+) 0.22(7) 0.33(11)
960.5 50(10) (27/2‘) (25/2+) -0.17(14) 0.20(15)
a) Intensities derived from 7 -7  coincidence data.
b) Includes 4+ to 2+ transition in 172W.
c) Includes 25/2+ to 21/2+ transition in 171W.
d) 533.6 keV lines combined.
They observed a 211.8 keV gamma-ray decay in parallel with 133.4 and 76.4 keV 
gamma-rays and which decayed into the ground-state, in coincidence with alpha particles 
from the decay of I75Pt, as shown in Figure 3.15.
Figure 3.16a shows the sum of the 394,533 and 489 keV coincidence gates of the 
band based on the lowest state observed here, presumably the ground state. Transitions 
belonging to the band shown feeding into the 2524.8 keV
50
level and the connecting 380.6 keV transition are 
evident. A 131.1 keV transition and a weaker 
208.0 keV transition, placed near the bottom of 
the ground-state band, are also seen. However the 
76.9 keV line, assigned to the 7/2“ to 5/2“ cascade 
transition (Figure 3.16), is obscured by a
Figure 3.15 Gamma-rays in 171Os observed by 
contaminating 77.0 keV Bi Kal x-ray line from Hagberg et al [HA79], from the decay of 175Pt.
the target backing. The statistical accuracy of the
experiment was not sufficient to make the detection of the 76.9 keV line unambiguous after 
subtracting out the atomic x-rays. Nevertheless, these energies are similar to those of 
transitions observed in the alpha decay work [HA79], supporting the existence of the 76.9 
keV line and the identification of the ground-state. Figure 3.16b shows the 450 keV 
coincidence gate. As well as transitions from the ground-state band, the 262.9 and 439.9 
keV transitions of the band based on the 2416.9 keV level and the connecting 317.4 and 
503.5 keV transitions, are also visible. The 131.1 and 208.0 keV transitions are diminished 
in intensity in this spectrum, due to the branching at the 445.9 keV level, while the 76.9 keV 
line, although visible, is contaminated by Bi x-rays.
While the Fermi surface lies lower in 171Os than in 173Os, the calculations performed in 
section 4.2 suggest that it would lie close to the 5/2“[523] orbital, making it likely that the 
ground state band is based on a 5/2“ state. Hagberg et al [HA79] reported a strong alpha 
decay to the level at 77 keV, implying that it has similar Nilsson quantum numbers to the 
ground state of l75Pt. Unfortunately, the spin and parity of the ground state of 175Pt is 
unknown. If 175Pt has a prolate ground state, it may be expected to be the 5/2“ bandhead 
of the 5/2“[512] band. However, low-lying oblate configurations are also anticipated in this 
nucleus [DR90]. Therefore a strong alpha decay to the 77 keV level does not rule out the 
current spin assignment. Further, if the 77 keV level were a 5/2“ state the oscillations in the 
moment-of-inertia parameter of the ground state band would be out of phase with the 
particle-rotor calculations performed in Chapter 4, making such an assignment unlikely, 
unless the gamma deformation were substantially greater than zero (Chapter 5).
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Figure 3.17a shows the gate on the 254 keV transition, a member of the band based on 
the 186.9 keV level which is assigned to the favoured signature of the i13/2 band. Because 
the Fermi surface is lower and the deformation smaller than in 173Os, it is nearer to low Cl 
components of the i13/2 orbital. The larger Coriolis mixing results in a rotation aligned, 
decoupled band with the unfavoured sequence pushed to even higher energies.
The 17/2+ to 13/2+ transition of a decoupled band is expected to be similar in energy to 
that of the 2+ to 0+ transition of the even neighbours [ST75] (see Chapter 4). Whereas there 
is no direct experimental evidence for the spin of the 186.9 keV state, systematics suggest 
that it may be the 13/2+ state. This is illustrated in Figure 3.18 where the transition energies 
of the i13/2 bands of odd osmium nuclei are compared with transition energies in the ground 
state bands of their even neighbours. It is unlikely that the 254.2 keV line is not the 17/2+ 
to 13/2* transition if the 232.4 keV line in 173Os is correctly assigned as the 17/2+ to 13/2+ 
decay.
6+ to 4+
29/2+ to 25/2+
25/2+ to 21/2+4+ to 2+
21/2+ to 17/2+
2+ to 0+
17/2+ to 13/2+
165 167 169 171 173 175 177 179 131 183 185 187
mass number
Figure 3.18 Systematics of transition energies in Os i^3 ,2 bands compared to transition energies in the yrast bands 
of their even Os neighbours. Data taken from [DR82],(DU821,(DR83].[88DRa],[WE89],[FA90].
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359.7 keV
29/2-27/2
866.3 keV J
23/2-21/2
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Arctang
Figure 3.19 Chi-squared per degree of freedom versus arctan 5 for different initial and final spins for the 359.7 keV 
transition (top) and the 866.3 keV transition (bottom) in ^ O s .
Attention is now turned to the band based on the 2524.8 keV state and to the 1755.1 and 
2165.1 keV levels. In Figure 3.17b the sum of the 373.5 and 522.5 keV gates is shown. 
Clearly visible are not only members of this band but also the ground-state and i13/2 bands. 
Many of the lines are contaminated so that multipolarity assignments are difficult, but spins 
and parities for the 1755.1,2165.1 and 2524.8 keV levels of (23/2+), (27/2+) and (29/2“) 
respectively, are preferred, based on the following : 1) The 409.8, 373.5 and 522.5 keV 
transitions have angular distributions consistent with stretched quadrupole transitions. 2) 
The 380.6 and 708.7 keV transitions are unlikely to have a multipolarity greater than two. 
3) The 359.7 and 866.3 keV transitions have positive A2/A q and A4/A 0 angular distribution 
coefficients although the A4/A q coefficients are not well determined. The distributions are 
therefore consistent with either (mixed) dipole or stretched quadrupole transitions (see 
Table 3.3). Figure 3.19 shows the values of chi-squared obtained when fitting the mixing 
ratio to the angular distribution data of these transitions. When the mixing ratio is fitted to 
the 866 keV angular distribution data, only a spin change of one unit gives values of chi-
55
squared below the 1% confidence limit, but the mixing ratio is large, 4.25 for a 23/2 to 21/2 
transition, implying a large quadrupole admixture. Of the two possibilities E2/M1 or 
M2/E1, the second is less likely because M2 transitions proceed more slowly than El 
transitions (both non-collective in nature). Therefore the 1755.1 and 2165.1 keV levels are 
more likely to have positive parity.
These levels could be members of the unfavoured sequence of the i13/2 band, as discussed 
in section 4.2.2.
The 359.7 keV transition has acceptable values of chi-squared for AJ=0 or 1. A parity 
change would be required if the band based on the 2416.9 and 2524.8 keV levels were 
identified with the i13/2 neutron alignment coupled to the 5/2"[523] band. Such an 
identification seems likely, based on the net aligned angular momentum, signature splitting 
and B(M1)/B(E2) values (see section 6.2). This requires that the 359.7 keV transition be of 
M2/E1 character, although the smallest value of Ö that was found, 0.54, still implies a large 
quadrupole admixture (M2) of 20%.
Other alternatives sire 1) if the 359.7 keV transition is a stretched E2 (see Table 3.3). The 
866 keV transition might be a AJ = 0 transition, (see Figure 3.19) and therefore El (<5 « 0), 
implying spin and parities of 25/2" and 21/2" for the 2524.8 and 2416.9 keV levels; 2) if  the 
359.7 kev transition is a AJ = 0, El transition. However this is less likely as it would imply 
that the 2416.9 and 2524.8 keV levels have the same parity and signature as the yrast band, 
and that the 866 keV line be an E2. -
The 960.5, 317.4 and 503.5 keV transitions were also contaminated and therefore their 
multipolarities could not be reliably determined from the angular distribution data. 
Nevertheless, they are unlikely to have a multipolarity greater than two, and a consistent 
description of the level properties is found if the 2416.9 keV level has a spin and parity of 
27/2".
Clearly the angular distribution data alone are not unambiguous. Several spin assignments 
are possible and therefore the prefered assignments remain tentative.
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33 Odd proton nuclei
3.3.1 Proton Nilsson orbitals
The relevant proton Nilsson orbitals are illustrated in Figure 3.20. At ® 0.2 the 9/2” 
[514], 5/2+[402], 7 /2+[402] and l /2 +[411] orbitals are expected to be near the Fermi surface. 
The l /2 +[660] and 1/2”[541] orbitals have also been observed in 177Re [WA86].
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Figure 3.20 Nilsson diagram for protons from [CUfei],
57
3.3.2 173Re
The level scheme is presented in Figure 3.21 and the properties of transitions belonging 
to it are listed in Table 3.4. In Figure 3.22 selected coincidence spectra are shown. The Re 
x-rays, identifying the atomic number, are prominent. Although a search was made for 
isomeric transitions, none was found that could be assigned to 173Re. Therefore the 
excitation energies of the bands that were found are unknown.
Band identification and spin assignments for both 171 Re and 173Re are based largely on 
the observed properties of these bands, particle rotor-calculations (section 4.3.1), and 
systematics, rather than by direct measurement. Therefore these assignments, while 
plausible, are not firm.
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Table 3.4
Gamma—rays assigned to 173Re
Energy
(keV) Ei *i %
Intensity A 2 /A Q A 4 /A Q
9/2'[514]a-+i
452.5 812.7 17/2 13/2 225(21) 0.318(136) -0.087(157)
491.3 1304.2 21/2 17/2 273(70) 0.464(140) -0.003(162)
509.1 1813.6 25/2 21/2 258(178)“)
533.7 2347.4 29/2 25/2 266(108)“)
9/2‘[514]a—i
414.7 575.1 15/2 11/2 230(75)J)
476.6 1051.6 19/2 15/2 181(77)“,
502.1 1553.6 23/2 19/2 367(136)“)
521.7 2075.4 27/2 23/2 211(11). 0.280(96)
546.7 2622.0 31/2 27/2 269(86)“)
9/2'[514]AI«l transitions
160.4 160.4 11/2 9/2 456(14) 0.026(53)
199.8 360.2 13/2 11/2 530(18) 0.047(60) 0.036(69)
214.9 575.1 15/2 13/2 423(54)“) {-0.116(75) -0.135(115)}
237.6 812.7 17/2 15/2 333(11) 0.030(68) -0.036(76)
238.9 1051.6 19/2 17/2 344(14) 0.020(68) -0.047(77)
252.6 1304.2 21/2 19/2 261(51) -0.063(61)
249.4 1553.6 23/2 21/2 303(11) -0.088(64)
260.2 1813.8 25/2 23/2 208(88) 0.084(75)
261.6 2075.4 27/2 25/2 236(11) -0.095(96)
272.0 2347.4 29/2 27/2 193(9) -0.031(88) 0.068(105)
274.6 2622.0 31/2 29/2 220(11) -0.067(103)
l/2-[541]a-+i
87.3 87.3 9/2 5/2 150(30)“
206.8 394.1 13.2 9/2 936(28) 0.240(53) -0.097(60)
320.7 614.8 17/2 13/2 1000(30). 0.272(52) -0.088(60)
415.2 1030.0 21/2 17/2 969(9.0)“) {0.194(82) -0.082(87))c}
487.5 1517.5 25/2 21/2 936(93)“
536.9 2054.4 29/2 25/2 651(73)h
567.3 2621.7 33/2 29/2 487(66)“) {0.000(120)}
591.7 3213.4 37/2 33/2 289(53) 0.046(84) -0.006(85)
627.7 3841.1 41/2 37/2 220(11). {0.128(102)}
678.0 4519.1 45/2 41/2 83(35)“)
5/2+ [402]a-+i
. 246.9 246.9 9/2 5/2 211(12),
312.3 588.4 13/2 9/2 282(76)“)
363.1 921.7 17/2 13/2 348(95)
413.8 1335.3 21/2 17/2 476(173)
5/2+ [402]a—i
283.3 396.6 11/2 7/2 193(9) 0.138(92)
338.3 735.0 15/2 11/2 360(18) . 0.068(115)
389.4 1124.4 19/2 15/2 330(1351“)
441.3 1555.7 23/2 19/2 206(95)“)
5/2+ [402] AI-1 transitions
113.4 113.4 7/2 5/2 491(16) {-0.043(60) 0.030(65)}
132.8 246.2 9/2 7/2 372(14) -0.128(62) 0.003(68)
150.4 396.6 11/2 9/2 456(16) -0.180(61) 0.074(68)
161.8 558.4 13/2 11/2 321(11) -0.093(50)
176.6 735.0 15/2 13/2 367(14) -0.008(62) 0.009(70)
186.7 921.7 17/2 15/2 227(106)“)
202.7 1124.4 19/2 17/2 225(9) -0.104(71) -0.018(101)
210.9 1335.3 21/2 19/2 159(82) -0.140(83) 0.107(322)
230.4 1555.7 23/2 21/2 46(7) -0.371(265)
l/2+[660]a-+i
343.8 1765.6 25/2 21/2 325(135)“)
422.9 2188.5 29/2 25/2 516(16) 0.212(59) -0.108(67)
477.2 2665.7 33/2 29/2 711(239)“)
529.9 3195.6 37/2 33/2 470(218)“) {0.372(82)82) -0.114(93)}
580.5 3776.1 41/2 37/2 342(16) 0.205(80) -0.156(92)
631.0 4408.1 45/2 41/2 110(14) 0.558(207)
Interband transitions
l /2 + [660]to 5/2+[402]
503(1871b)430.5 1765.6 25/2 21/2 0.26(11) -0.07(104)
500.9 1421.8 21/2 17/2 200(89)“)
a) Angular distribution coefficients in parenthesis are uncertain because of low intensity, contamination of difficult 
background subtraction.
b) Contaminated in singles, intensity estimates from coincidence data.
c) Angular distribution coefficients for combined 415.2 and 414.7 peaks.
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Of the orbitals likely to produce deformation aligned structures (see section 4.3.1), the 
7/2+[404],9/2"[514] and 5/2+[402] are nearest to the Fermi surface. The last two orbitals 
have been identified in 173Re, calculation and systematics suggesting bandhead spins of 9/2" 
and 5/2+ respectively.
The top frame of Figure 3.22 shows the sum of selected gates from the 5/2+[402] band. 
The observation of cascade and cross-over transitions make spin assignments unambiguous 
relative to the bandhead, since transitions with AJ>2 are unlikely. The sum of selected gates 
from the 9/2“[514] band, is shown in the middle frame. The 160.4 keV transition has 
angular distribution coefficients consistent with a dipole transition, thereafter the spin 
assignments will again be fixed by the observation of cascade and crossover transitions, 
relative to the state at 160 keV excitation above the bandhead.
Two orbitals expected to be able to produce rotation aligned structures, are the i13/2 
( l /2 +[660]) and h9/2 (1/2"[541]) orbitals. Woods-Saxon model calculations place the 1/2" 
[541] orbital at least 1 MeV lower in energy than the l /2 +[660] orbital [NA90], hence the 
current assignments. The structure of the h9/2 band is similar to that of heavier Re isotopes, 
where the bandhead has been found to be 5/2“. The particle-rotor calculations support this, 
so a spin of 5/2" is preferred for the bandhead.
In the bottom frame of Figure 3.22, the gates from the h9/2 (1/2"[541]) band, are shown. 
The angular distributions of most of the transitions in this band are either poorly determined 
or not determined at all. However, those that are well determined sire consistent with 
stretched quadrupole transitions, and the conversion coefficient deduced from the gamma- 
ray intensity of the 87.3 keV transition, relative to the intensity of the 206.8 keV line, is 
consistent with an E2 character.
Finally in Figure 3.23 the gate on the 423 keV transition in the i13/2 ( l /2 +[660]) band is 
presented. Severe contamination is evident, notably from l73,I74Os and 170W. Again not all 
of the angular distributions could be determined but those that were are consistent with 
stretched quadrupoles. The multipolarity of the 430.5 keV transition suggests a stretched 
E2, and the spins of this band depend on the spin of the bandhead of the ”5/2+[402]" band. 
This gate shows members of the h9/2 band, but the connecting transition could not be 
identified. Also the spectrum in the top panel of Figure 3.22 shows that the intensity of the
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Figure 3.22 Combined coincidence spectra for 173Re w ith selected gates on transitions in each band.
477.2 keV transition is stronger than that of the 422.9 keV line, implying that the i13/2 band 
decays into the 5/2+[402] band from the 2189 keV level. However the connecting transitions 
again could not be found.
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3.3.2 171 Re
The level scheme is shown in Figure 3.24. A similar procedure to that for 173Re was 
used in identifying bands and making spin assignments. The transitions assigned are listed 
in Table 3.5.
The ground state of 171 Re had been assigned as 9/2", presumably the bandhead of the 
9/2“[514] band, by Runte et al [RU87]. This agrees with the current data, as the most 
strongly popuiated (and therefore probably yrast) band is assigned to the 9/2"[514] 
configuration. A coincidence spectrum derived from the sum of gates in the 9/2~[514] band 
is shown in the top panel of Figure 3.25. In the bottom panel, a coincidence spectrum for 
the 1/2"[541] band is shown. The intensity of the 95.7 keV transition implies a conversion 
coefficient consistent with E2 multipolarity. Apart from those near the top of the band, the 
transitions have angular distributions consistent with stretched E2’s. The 405.9, 472.6 and 
529.7 keV transitions of the i13/2 band are evident in this spectrum. A close inspection of 
the line near 406 keV reveals that it is a doublet, also containing the connecting 406.9 keV
transition.
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Table 3.5
Gamma-ray^  assigned to 171 Re.
E nergy
(keV )
E i h k In tensity A 2/A q A4/A<) «5
9 /2 * [5 1 4 ]a - -1
381.2 381.2 13/2 9 /2 2 l9 (4 3 )b)
513.5 894.7 17/2 13/2 464(60)°)
580.3 1474.9 2 1 /2 17/2 474(28) 0.279(34) -0 .016(37)
598.0 2072.9 2 5 /2 2 1 /2 511(30) 0.295(32) -0 .068(34)
474.2 2547.2 2 9 /2 25 /2 245(38)b) 0.313(30) -0 .128(36)c)
343.1 2890.5 3 3 /2 2 9 /2 68(26)°)
466.3 3357.0 3 7 /2 3 3 /2 125(21)°)
582.7 3939.5 4 1 /2 3 7 /2 75(19),
668.8 4608.3 4 5 /2 4 1 /2 77(21)b )
721.4 5329.7 4 9 /2 4 5 /2 74(19)°)
9 /2 '[5 1 4 ]a = i
457.3 614.8 15/2 11/2 426(38)b)
548.2 1163.0 19/2 15/2 470(28) 0.323(27) -0 .063(31)
595.9 1758.8 2 3 /2 19/2 566(81) 0.285(16) -0 .190(18)
585.6 2344.5 2 7 /2 2 3 /2 609(36) 0.313(30) -0 .119(34)
361.7 2706.1 3 1 /2 2 7 /2 <87(13)b)
402.3 3108.4 3 5 /2 3 1 /2 87(17)b) 0.370(53)
529.6 3638.1 3 9 /2 3 5 /2 130(23)°)
630.8 4268.9 4 3 /2 3 9 /2 89(19)b)
701.0 4969.9 4 7 /2 4 3 /2 < 75(19)°)
9 /2*{514]A I- I tra n s itio n s
157.3 157.3 11/2 9 /2
223.9 381.2 13/2 11/2 821(47) 0.148(18) . -0 .028(22)
233.6 614.8 15/2 13/2 817(157)°) {0 .074(22)) d )
279.9 894.7 17/2 15/2 685(40) {-0 .014(24)}
268.3 1163.0 19/2 17/2 538(30) -0 .020(22)
311.9 1474.9 2 1 /2 19/2 394(64)°) {-0 .021(28) 0 .032(32)}e) 0.13(3)
283.9 1758.8 2 3 /2 2 1 /2 334(19) -0 .134(30) -0 .065(33) 0.05(3)
314.1 2072.9 2 5 /2 2 3 /2 360(21) -0 .134(33) 0.041(41) 0.05(3)
271.6 2344.5 2 7 /2 2 5 /2 436(26) . -0 .185(25) -0 .049(30) 0.01(3)
202.7 2547.2 2 9 /2 2 7 /2 743(1341°)
158.9 2706.1 3 1 /2 2 9 /2 551(58)°)
184.5 2890.5 3 3 /2 3 1 /2 489(42°) {-0 .094(15)}
271.8 3108.4 3 5 /2 3 3 /2 391(32). -0 .201(32) -0 .067(38) 0.04(3)
248.6 3357.0 3 7 /2 3 5 /2 347(19)°)
281.1 3638.1 3 9 /2 3 7 /2 192(13) {-0.333(70)}
301.4 3939.5 4 1 /2 3 9 /2 230(21) -0 .391(70)
329.3 4268.9 4 3 /2 4 1 /2 204(13) -0 .320(55) 0.128(71) 0.01(6)
339.6 4608.3 4 5 /2 4 3 /2 83(17)°)
361.4 4969.5 4 7 /2 4 5 /2 58(25). 0.172(69) -0 .112(86) 0.25(10)
360.1 5329.7 4 9 /2 4 7 /2 34(11)°)
5 /2 + 1402]«
376.4 596.0 11/2 7 /2 272(17) 0.437(62) -0 .158(52)
427.9 996.9 15/2 11/2 538(89)°) {0.310(55) -0 .033(71)}
445.7 1442.5 19/2 15/2 591(36) 0.416(55) 0.005(52) .
473.1 1915.6 2 3 /2 19/2 317(221)°) {0.313(30) -0 .128(36) }f)
5 /2 + [402]« — 1
322.1 364.4 9 /2 5 /2 163(36)b)
407.4 771.8 13/2 9 /2 658(38) 0.345(18) -0 .083(20)
432.5 1204.3 17/2 13/2 591(34). 0.283(22) -0 .077(25)
471.5 1675.7 2 1 /2 17/2 225(49)b) {0.289(8) -0 .099(11)}8)
5 /2 + [ 4 0 2 ] A I -1 tran sitio n s
150.5 192.9 7 /2 5 /2 9 89(151)b) {-0 .095(11)}
171.8 364.4 9 /2 7 /2 549(32) -0 .001(17)
204.6 569.0 11/2 9 /2 458(28) 0.014(16)
203.1 771.8 13/2 11/2 643(85)b)
225.1 996.9 15/2 13/2 342(21) -0 .009(37)
207.5 1204.3 17/2 15/2 306(19) -0 .083(43)
238.2 1442.5 19/2 17/2 153(25)b) {-0 .208(57) -0 .0 4 6 (7 0 )}h)
233.3 1675.7 2 1 /2 19/2 189(87)°)
239.9 1915.5 2 3 /2 2 1 /2 72(62)b) {-0 .055(87) 0 .158(112)}1)
5 /2 + [402]AB« = ±l
-  cascad e
tran sitio n s
122.8 2039.6 2 5 /2 2 3 /2 70(15)b)
163.5 2203.1 2 7 /2 2 5 /2 242(15) -0 .075(38)
200.8 2403.9 2 9 /2 27 /2 245(28) -0 .018(28)
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Energy
fkeV>
Ei h !f Intensity a 2/ a 0 A4/A q <5
237.4 2641.3 31/2 29/2 234(70)b)
266.5 2907.8 33/2 31/2 262(30) 0.220(38)
290.3 3198.0 35/2 33/2 158(13) -0.153(68) -0.089(70) 0.02(8)
312.0 3510.0 37/2 35/2 92(17)b)
318.3 3828.3 39/2 37/2 106(17) -0.018(62)
323.5 4151.8 41/2 39/2 87(8) -0.151(113) 0.230(260) 0.05(15)
-  crossover transitions
363.9 2403.9 29/2 25/2 40(17)b)
438.4 2641.3 31/2 27/2 96(26)b)
504.0 2907.8 33/2 29/2 125(25)b)
556.8 3198.0 35/2 31/2 174(36)b) {0.474(74) 0.012(79)}
601.9 3510.0 37/2 33/2 136(28)“)
630.1 3828.3 39/2 35/2 132(30)“)
641.6 4151.8 41/2 37/2 79(2l)b)
5/2+ [4021AB to 5/2+ [402]
124.0 2039.6 25/2 23/2 75(15)b)
241.0 1915.6 23/2 21/2 91(64)b)
474.2 1915.6 23/2 19/2 281(157)
1/2*1541]«- +i
95.7 95.7 9/2 5/2 177(15)b
229.3 325.0 13/2 9/2 900(51) 0.315(14) -0.109(15)
355.0 680.0 17/2 13/2 1000(57). 0.296(18) -0.145(18) .
457.5 1137.5 21/2 17/2 825(58)b) {0.293(10) -0.108(14)}J)
535.7 1637.2 25/2 21/2 602(49)b) {0.237(36) -0.111(49)}
583.0 2256.2 29/2 25/2 457(40)b) {0.267(18) -0.071(19)}
562.9 2819.1 33/2 29/2 357(28)?) {0.363(25) -0.074(26)}
511.3 3330.4 37/2 33/2 300(26)b)
550.5 3880.9 41/2 37/2 283(19) 0.159(42)
616.9 4497.8 45/2 41/2 87(17)b)
683.1 5180.9 49/2 45/2 55(1l)b)
l/2+[660]a -+ i
309.2 1544.4 21/2 17/2 245(15) 0.137(53) -0-05(7)
405.9 1950.3 25/2 21/2 451(91)b) {0.339(21) -0.079(23)}k)
472.6 2422.9 29/2 25/2 315(72)b)
529.7 2952.6 33/2 29/2 185(5l)b) {0.372(82) -0.114(93)}
582.8 3535.4 37/2 33/2 125(43)b) 0.25(2)
628 4165.4 41/2 37/2 81(32)b)
l/2+[411]a —i
273.9 273.9 7/2 3/2
377.6 651.5 11/2 7/2 338(87)b)
399.6 1051.1 13/2 11/2 160(43) {0.426(48) -0.062(54)}
395.7 1446.5 15/2 13/2 185(49)b)
425.2 1872.0 17/2 15/2 68(9) 0.375(19) -0.08(17)
Inter-band transitions
l /2 + [660] to 5/2+ [402]
340.1 1544.4 21/2 17/2 226(34)b)
238.3 1235.2 19/2 17/2 92(30)b)
463.1 1235.2 19/2 15/2 198(11) 0.279(29) -0.087(35)
1/2 **"[6601 to 1/2*[541]
406.9 1542.0 21/2 21/2 66(1l)b)
Unplaced transitions 
276.1 
300.4 
400.0
a) Angular distribution coefficients in parenthesis are uncertain because of low-intensity, contamination or difficult 
background subtraction.
b) Contaminated in singles, intensity estimated from coincidence data.
c) Angular distribution coefficients of combined 474.2 keV lines from 5/2+ [402]AB and 9/2'[514] bands.
d) Angular distribution coefficients of combined 233.6 and 233.3 keV lines.
e) Angular distribution coefficients of combined 311.9 and 312.0 keV line.
f) Angular distribution coefficients of combined 473.1 and 472.6 keV lines.
2) Angular distribution coefficients of combined 471.5 keV line and quadrupole transition in ^ * 2Os. 
b) Angular distribution coefficients of combined 238.2,238.3 and 237.4 lines.
|) Angular distribution coefficients of combined 239.9 and 241.0 keV lines.
j) Angular distribution coefficients of combined 457.5 and 457.3 keV lines.
k) Angular distribution coefficients of combined 405.9 and 406.9 keV lines.
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Figure 3.25 Coincidence spectra for171 Re with gates on the main transitions in the 9/2'[514] band and the 229 and 
355 keV transitions in the i'(541] (h ^ 2) band.
Most of the transitions in the l /2 +[660] band are contaminated. Spin assignments above 
the 1544 keV level are based on systematics. Of the transitions connecting this band to the 
5/2+[402] band, only the angular distribution of the 463.1 keV transition could be 
determined, and it was consistent with a stretched quadrupole.
In the top panel of Figure 3.26, a coincidence spectrum for the 5/2+[402] band is shown. 
The 309.2,529.7 and 582.8 keV transitions belonging to the l /2 +[660] band are clear, while 
the other transitions belonging to this band lie close in energy to those in the 5/2*[402] band.
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Lines belonging to the band based on the 1917 keV level are also visible and gates from it 
are shown in the bottom panel.
1800  .
5/2*14021
1 5 1 .1 7 2 .2 0 5 .2 0 8
gates
1600  .
1400  .
1200  .
1000  .
800  .
60 0  .
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1 6 4 ,2 6 7 .2 9 0 g a te s  
a  5/2'*" band
600  .
300  .
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Figure 3.26 Coincidence spectra in ^ R e  with gates as indicated in the 5 /2+ [402] and 3-quasiparticle 
(5 /2+ [402]®(vi13/2)2) bands.
Difficulty was experienced in connecting this band, well established above the 1917 keV 
level, to the 5/2+[402] band which was well established below the 1676 keV level, mainly 
due to the large number of unresolved, or partially resolved lines near 123,233,238,240 and 
473 keV. The problems encountered are as follows:
Near 123 keV : From the decay product 171 Lu, 122 and 124 keV lines are in coincidence 
with each other, and also 201 and 469 keV lines. The lines placed in 171 Re were fitted at
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122.8 and 124.0 keV. Close examination of slices across these energies revealed that they are 
not in coincidence with each other.
Near 233 keV : Two lines near 233 keV are placed in 171 Re; a 233.3 keV transition in the 
5/2+[402] band and a 233.6 keV transition placed in the 9/2~[514] band which is in 
coincidence with a 474.2 keV line in that band.
Near 238 keV : Three lines near 238 keV are placed in 171 Re. One (237.4 keV) decays from 
the 2641 keV state, another (238.2 keV) from the 1443 keV state and finally a transition 
connecting the l /2 +[660] band to the 5/2+[402] band. The 237.4 and 238.2 keV lines are in 
coincidence.
Near 240 keV : A 239.9 and 241.0 keV line can be seen in Figure 3.26, but inspection of 
slices reveals that they are not in coincidence with each other.
Near 473 keV : The 469 keV line in 171 Lu has already been mentioned, but a 471 keV 
transition also exists in l72Os, and this was strongly populated. In 171 Re a 474.2 kev line is 
placed in the 9/2“[514] band, and another decays into the 5/2+[402] band from the 1917 keV 
level. A 471.5 and 473.1 keV transition is placed in the 5/2+[402] band and finally a 472.6 
keV transition is placed in the l /2 +[660] band. None of the lines near 473 keV in 171Re are 
in coincidence with each other.
Unplaced transitions of 276,300 and 400 keV are also associated with both bands, but 
coincidence gates placed on them suggest they decay from states at high spin. The remaining 
lines that could connect the two bands are those listed above. .
The fact that the 471.5,473.1 and 474.2 keV lines are not in coincidence, that the 122.8 
and 124.0 keV lines are not in coincidence and that the 239.9 and 241.0 keV line are not in 
coincidence, places severe restrictions on the way the 5/2+[402] band can be connected to 
the band built on the 1917 keV level. Within each group, the lines must decay in parallel 
to each other.
In Figure 3.27, the region between 230 and 245 keV is shown for various gates. In 
Figure 3.27a, the 432 keV gate displays the 233.2,237.4,238.3,239.9 and 241.0 keV lines, 
showing that they all lie above the 1204 keV level. In Figure 3.27b, a gate centered at 471
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keV is shown. Although the statistics are 
poor, the absence of the 238.3 keV line 
suggest that the 471.5 keV transition is 
parallel to it. The 233.2 keV line is also 
absent, suggesting that it too is parallel to 
the 471.5 keV line, although the origin of 
the peak near 234 keV is unknown, 
introducing some uncertainty. This 
establishes the 1676 kev level.
In Figure 3.27c, a gate centered on 473 
kev is presented. Both the 239.9 and 241.0 
keV- lines are very weak -  they have 
almost disappeared. The residual counts 
near 239.9 keV are probably due to the 
neighbouring 471.5 keV line. Due to the 
complexity of the lines near 473 keV, it 
was not possible to deconvolute them with 
reliability. The intensity near 234 keV 
may be contam ination from the 
neighbouring 474 keV line. The 238.2 keV 
line is visible; this places the 473.1 keV
Figure 3.27 171 Re gates, (a) 432 keV. (b) 471 keV, (c) 473 
keV, (d) 474 keV gates. Solid curves are fits with fixed 
centroids as indicated. Dashed line is the background.
transition above the 1443 keV level, parallel with the transitions of energy near 240 keV, and 
the 233.2 keV transition. In Figure 3.27d, the 474 keV gate is shown. This gate includes the 
474.2 keV transition of the 9/2"[514] band. Hence a strong line is seen at 233.6 keV. Again 
the 239.9 and 241.0 keV lines are absent; the 474.2 keV transition must also be placed 
decaying in parallel to these transitions. The 474.2 and 473.1 keV transitions cannot feed 
into the 1676 keV level, if they did they would be in coincidence with the 471.5 keV
transition. Therefore both of these transitions must feed into the 1443 keV level. Both the
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239.9 and the 241.0 keV transitions see the 471.5 and 233.2 keV lines. Consequently they 
must feed into the 1676 keV level.
The only transitions left are the 122.8 and 124.0 keV transitions, which remain to connect 
the two bands. In Figure 3.28, the relative intensities of the 122.8 and 124.0 keV can be 
estimated from a gate composed of a sum of transitions from the band above the 2040 keV 
level. In Figure 3.29a the gate centred on 473 keV, not completely separate from the 474 
kev gate, shows the 124 kev transition stronger than the 122.8 keV line. The opposite is true 
in the 474 gate (Figure 3.29b), suggesting the current placements of these transitions.
1240
2 0 0  ~
120 I
ENERGY (KEV)
Figure 3.28 Gate on transitions above the 2040 keV level in ^ R e .  Contaminants are marked with an asterix.
Finally in Figure 3.30, agate on the 399.6 keV transition placed in the last band assigned 
to 171 Re is shown. All of the transitions in this band were contaminated in the 144Sm + 30Si 
reaction, therefore excitation functions were not determined for them. However they are 
all in coincidence with Re x-rays, suggesting that the band belongs to a Re isotope.
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122-8 1240
125
ENERGY (KEV)
Figure 3.29 (a) The 473 keV gate and (b) the 474 keV gate in Re. Solid curve is fits with fixed centroids as
indicated. Asterix marks a contaminant.
The band was assigned to 171 Re because it was seen in both the 140Ce + 35C1 and 144Sm 
+ 30Si reactions, but not the 149Sm + 28Si reaction (which produced 173 Re), while transitions 
thought to belong to 172Re are seen in all reactions with roughly equal intensity; and because 
it was not seen in the 144Sm + 29Si reaction, which populated 170Re strongly.
The fact that cascade transitions were not observed suggests a decoupled nature, 
reminiscent of a band with strong Q= 1/2 admixtures. A candidate configuration is 
l /2 +[411].
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Figure 3.30 The 400 keV gate in ^  Re showing transitions in the l / 2 + [411] band.
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4.1 Introduction
In this chapter, the properties of the bands in the odd-nuclei at low excitation 
energies, where different bands are normally, (apart from collective effects), expected to be 
based on different one quasi-particle excitations, are compared with particle rotor-model 
(see eg [KE56],[ST75],[HJ70],[HJ72],[HU73],[LI72]) calculations. They were a useful aid 
in the identification of bands, the calculation of transition rates and in determining the 
effects of AN=2 mixing in the Re isotopes.
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4.1.1 The model
The model considers the Hamiltonian of a particle coupled to an axially-symmetric 
rotating core, written as
H  =  Hp ♦  t f r o t  =  t f p  + — R 2
23
(4 .1)
where the rotational angular 
momentum of the core about the 
x-axis, perpendicular to the 
symmetry axis z, is given by R =
I-j. I is the total angular 
momentum and j is the orbital 
angular momentum of the particle, 
defined in Figure 4.1. K is the 
projection of the total angular 
momentum I on the symmetry axis.
In an axially symmetric nucleus,
Figure 4.1 Angular momentum vectors associated with the rotating 
K=fl, the projection of j on the z -  nucleus.
axis. Hp is the Hamiltonian of the particle in the absence of rotation. Expanding equation
(4.1) one obtains
23
(4.2)
H  = }' 2 
The second term (the so-called recoil term) of equation (4.2) depends only on particle 
degrees of freedom and may be absorbed into Hp. The third term is the energy of a rotor, 
while the last term, called the Coriolis term, contains the Coriolis and centrifugal 
interactions.
4.1.2 Nilsson Potential
The approach taken by Nilsson [NI55] to generate the single particle orbitals in 
deformed nuclei was to approximate the nuclear potential by a harmonic oscillator with a 
quadrupole distortion. Strong attractive, residual interactions remain, particularly the T=1 
monopole interaction due to the pairing force. The Modified Oscillator (MO) potential Vosc,
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described in detail in [NI69], was used for these calculations. In stretched coordinates it has 
the form
*osc = ifiWo {.e2,e4)p1[ \-^ e 2P2(<cosdx) + 2s4P4(c os0t)] 
-  2/cAj0[/t.s-/i(It2-< it2>)]
(4.3)
The potential is given in terms of the quadrupole and hexadecapole deformations, and e4, 
and k and parameters which define the strength of the spin-orbit term (lt.s) and the 
potential well flattening (l2 -  <12>) term.
Eigenvalues of this potential are shown as a function of Figure 3.20 for protons,
and Figure 3.8 for neutrons.
In the Nilsson model, the matrix elements arising between states of major oscillator 
shells differing by AN = 2, introduced by the e2p1P2 term is neglected, since the matrix 
elements of such an interaction are small compared to the average energy separation of states 
from the different oscillator shells. However, estimates based on Woods-Saxon potentials 
[AN68], and indications from experiment [EL67], suggest that the interaction strength is an 
order of magnitude greater than estimates based on an harmonic oscillator potential; 
approximately 80 keV. Interactions can therefore occur between certain orbitals having the 
same Q.n, such as the l /2 +[400] and l /2 +[660], and 3/2+[402] and 3/2+[651] orbitals.
To take account of the pairing interaction the BCS formalism [BA57] was employed. 
Quasiparticle energies Eqp in an odd-nucleus are then expressed in terms of the single 
particle energies :
where 2, the Fermi surface, is chosen so that the sum of the occupation probabilities VK2 
equals the number of active particles. The occupation amplitudes UK and VK sure given by
\ _ 6k~*
K 2
sj(.cK-X)2 + &2
tj2 1 Uv = — w  K...K 2
^(£K-2)2 + A2
(4.5)
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4.1.3 Coriolis Interaction
The Coriolis matrix elements between orbitals with quantum numbers K and K+l,
< I ,m CoP -K +\> = i t  A KK,  i J(r tK+W±K+l)  (4-6)
Za3
are written in terms of the matrix elements AK K+1 = <K±llj±|K> which can be expressed 
as
^K.K.1 -  E ßj> j^ 0 -K )0 +^ 1 )
j
and (4.7)
j
where the B^ are the expansion coefficients of the Nilsson model wavefunctions in terms 
of spherical shell model wavefunctions.
In the presence of pairing, the Coriolis matrix elements must be multiplied by the 
factor PK K+i given by ,
^K.K+1 = UKUK + l * VKVK+\ ^4 *8 ^
Two coupling schemes, which result in different characteristic band spectra, 
illustrated in Figure 4.2, arise depending on the strength of the Coriolis interaction.
The Coriolis interaction will be smallest for orbitals of low j and high K values. In 
this case, K is a relatively good quantum number, and the particle angular momentum is 
aligned with the deformation. The excitation energy of levels in the resulting rotational 
band, relative to the bandhead (I=K), is expressed as
E(J) = (4 -9>
producing the spectrum seen at left in Figure 4.2. These bands are known as deformation 
aligned or strongly coupled bands.
The Coriolis matrix elements clearly are strongest for low K, high j orbitals. Strong 
Coriolis interactions result in a decoupling of the particle from the core, aligning its angular 
momentum with the core rotation so that the angular momentum projection on the x-axis
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becomes a good quantum number. Because of 
the decoupling, the level spacings in the band are 
similar to those of the even-even core. The 
states of spin (j,j+2,j+4,...) are favoured 
energetically over the other spins, and if the 
Coriolis interaction is strong enough, the 
unfavoured states will be pushed so high in 
energy that they will not be populated strongly in 
heavy-ion xn reactions. The resulting band 
structure is shown at right in Figure 4.2. Such 
bands are said to be decoupled or rotation 
aligned.
The effect of the Coriolis interaction on 
a single j-shell also depends on the location of 
the Fermi surface with respect to orbitals of low 
K. In the nuclei of interest, i 13/2 neutron configuration is strongly influenced by the 
Coriolis interaction, especially with decreasing deformation and neutron number. The h9/2 
and i 13/2 configurations play a similar role for protons. The Fermi surface lies fairly high 
with respect to the low K components of the other orbitals, therefore they usually produce 
deformation aligned bands.
4.1.4 The Present Calculations
The present calculations used the eigenfunctions of the Modified Oscillator to form 
a basis for the matrix diagonalization of the Coriolis interaction.
The k  and parameters of the MO potential were taken from Bengtsson and 
Ragnarsson [BE85] for neutrons, but for protons, an improved set of parameters, from 
[ZH87] were employed.
29.
2
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Figure 4_2 Characteristic level spacings for an i1 
particle in a deformation aligned band (left) ana a 
rotation aligned band (right). From [ST75].
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To choose the deformation parameters for the MO potential, systematics [DR88b], 
shown in Figure 4.3, of measured 2+ transition quadrupole moments for this region were 
used as a guide. Experimental values are shown as solid triangles. Also displayed are the 
results of Strutinsky type [ST67] Nilsson [RA74] and Woods-Saxon [NA90] calculations.
The moment of inertia has been related to the quadrupole moment with the 
expression Qq2 w k$02 by Mariscotti et al [MA68], where $g2 *s the average of Sq and $2. 
They found a value for k of 39.4(2.6) b(keV)* after fitting a broad mass range. The local 
average found by Dracoulis et al [DR88b] for the W isotopes, 45(2) b(keV)*, was used as 
guide to the quadrupole moments of the osmium isotopes in Figure 4.3.
The different estimates of the quadrupole moments agree within about 8%. These 
and a recent measurement [VI89] of transition quadrupole moments in 172Os suggested that 
the deformation ^  would lie in the range 0.16-0.2, 0.18-0.21 and 0.18-0.22 for 17l,172,173^ 
respectively.
The calculations of [RA74] and [NA90] both predict small values of e4 , so it was 
fixed at £4 = 0.
Once the eigenvalues of the potential were calculated, a matrix including the Coriolis 
interactions was constructed for a given spin, with matrix elements AKK+1 = <K±llj±|K> 
(equation (4.6)), of the Coriolis interaction taken from the tabulation of [BU71] at a value 
appropriate for e2 = 0.2.
Finally, to account for the apparent stretching of the nucleus as a function of spin, 
the VMI model [MA68] was used to describe the moment of inertia. In this model, the 
energies of levels in a rotational band are given by
£r 1 C(3R- 3 0)2+ i
R(R* 1) (4 .10)
There are two parameters, S0, known as the ground-state moment of inertia, and C the 
restoring force constant. The moment of inertia S R, of a level with a core angular 
momentum R, used in the particle rotor calculations is a solution of the cubic equation
qp3 c 2^ ( R(R +1)^
oSr <xSR^ o_V---^ ---)2 C
(4 .11)
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Figure 4 3  Systematics of the quadrupole moments deduced from various theoretical and experimental approaches 
compiled by [DR88a].
The core angular-momentum R(R+1) was approximated by I(I+1)-K2.
The diagonalization produced wavefunctions expressed in terms of the Nilsson basis 
states and corresponding eigenvalues. Although no least-squares fitting was carried out, the 
parameters and C were adjusted so that the excitation energies of the calculated (yrast) 
band reproduced experiment. Since the calculations include only one particle outside of the 
rotating core they are valid only at spins below those where extra particles are aligned.
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4.1.5 Transition rates
The wavefunctions produced by the Coriolis diagonalization were employed to 
calculate theoretical B(M1)/B(E2) values and mixing ratios in the osmium nuclei. The B(E2) 
values are calculated from
B(E2;I-+I/) 5 «2Ö0[6jt £  CKCK/
k.k!
*I2K0\I/K />
Fixed quadrupole moments o f 6 eb for 171Os and 7 eb for 173Os were used, 
values are given by
(4 .12) 
The B(M1)
CK CK/ [<I1KK/-K\I/K ,>GM1(K-+K/)
(4 .13)
2
+ (-)1 ^IK-K'-KV'-K^GMliK^K'MUxU^ + F KF K/ ) |
I and K are the spin and spin projection o f the initial state and the prim ed values refer to 
the final state. The GM1 coefficients are tabulated in [BR71]. Those appropriate for = 
0.2 were used.
The experim ental ratios o f B(M l;F-+I-l))/B(E2;I->I-2) were obtained from measured 
mixing Ö and branching ratios X using the rotational model form ula
f efl ]f  3
2Mc_ 16^ EK.K7
1) .  n n. 0,  16* [EjU—I-2)]5 (4 14)
B(E2\I->I-2) 5 [E7(I-+I-l)]3X(l+ö2)
When it was not possible to measure the mixing ratio, as in 171Os, they were derived from 
m easured branching ratios, using
Ö2 X
E/ 7^ 7- 2)]5
E /7 -7 -1 )
£  Ck <I2K0\I-2>2 
_K_______________
£  Ck <I2K0\I-1>2 
K
- 1 (4 .15)
where the C K are the amplitudes o f the Nilsson orbitals in the mixed w avefunctions from 
the present calculation. For the Rhenium isotopes, the m easured mixing ratios in the 9 /2“ 
[514] and 5 /2 +[402] bands were generally small (<5«0), so <5 was neglected.
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4.2 Odd osmium isotopes
In the following particle-rotor calculations the quadrupole deformation was set to 
&2 -  0.18 for 171Os and 0.22 for 173Os.
4.2.1 Negative parity bands
The basis states for the matrix diagonalization included all of the Nilsson orbitals 
derived from the f7/2 and h9/2 spherical shell model orbitals. For the negative parity band 
in 171Os the VMI parameters were similar to those of the ground state bands of the 
neighbouring even-even nuclei. The values used and those of neighbouring Os nuclei are 
listed in Table 4.1. The Fermi surface was adjusted slightly from its nominal value to give 
better agreement between theoretical and experimental excitation energies. As can be seen 
from the plots of the moment-of-inertia parameter (E i-E^V ^I, vs 2I2 in Figure 4.4a, the 
levels are reproduced reasonably well at low spin. The disparity in the oscillations at higher 
spin in 171 Os presumably is due the crossing with the s-band. (The reduction in signature 
splitting is discussed in section 6.2)
In 173Os, the negative parity band required VMI parameters similar to those of 174Os 
to reproduce the alignment curve. These were substantially different to those of 171Os, 
especially the restoring force constant C, which was lO.OxlO6 keV3 in 173Os compared with 
2.5xl06 keV3 for 171Os. This difference however, is largely due to the fact that the restoring 
force constant is being used to mimic an upbend in the alignment curve (Chapter 6). A 
reasonable reproduction of band energies over most of the spin range can be achieved as is 
demonstrated in Figure 4.4b.
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Figure 4.4 Results of particle-rotor calculations (lines) for negative parity bands compared to experiment 
(E|-E|_^)/2I vs 2I2 for 171 Os (top) and 1730s (bottom).
Table 4.1 
VMI parameters.
Nucleus band .
keV 1
x\06
keV3
170Os a) ground .73 3.48
171Os b) 5/2*1523] 0.8 2.3
*13/2 2.2 10.0
1720s a) ground 0.87 1.68
1730s b) 5/2*1523] 0.65 0.65
*13/2 2.35 8.0
1740s a) ground 1.45 0.85
a) VMI parameters of one and fit to 0+ to 6+ states.
b) VMI parameters used in particle-rotor calculations.
Mixing ratios for some cascade transitions were measured in l73Os and are presented 
in Table 4.2. Satisfactory agreement, given the large experimental uncertainties, is found.
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Cascade (AJ=1) transitions might be observed for sufficiently large B(M1) values. 
As the B(M1) strength is proportional to (Sk- Sr)2 (v*a t i^e GM1 coefficients), it will be 
negligible for transitions between states whose wavefunctions are composed predominantly 
of the 5/2"[523] Nilsson orbital, since it has gK » +0.3 at = 0.2, which cancels with gR.
For 173Os, the largest single Tabled
Mixing ratios in the 5/21523] band of 173Oa.
component of the calculated wavefunction
was the 5/2 [523] orbital, (56%) at spin j . F A
^ theo ry  )
11/2. In 171 Os the mixing was greater, but
Ji " e x p
the largest single component was still the 7 /2 91.8 - 0 .6 7 + 0 ; g -1 .64
5/2“[523] orbital (38%). The B(M1)/B(E2) 9 /2 127.9 -2 .7 4 + ’ :“ -1 .0 2
calculation, denoted by the solid line, is
or
- 0  1 6 + 0*21 -U .lb
compared to experiment in Figure 4.5a for 1 1 /2 168.1 _n £1 + 0 .1 3  -0 -W  _o 52 -0 .91
171Os and Figure 4.5b for 173Os. The 
p a rtic le -ro to r calculations p red ic t
negligible strength at all spins for both nuclei. Although in agreement with experiment 
above spin 13/2, the calculations underestimate the B(M1)/B(E2) strength at spins below 
11/2 by more than a factor of three, well outside the error caused by the uncertainty in the 
quadrupole moment. This suggests that near the bandhead, the wavefunctions may have a 
larger component of the 3/2"[521] orbital (gK * -0.3) than the calculations indicate. (Note 
that at spins above 11/2 the B(M1)/B(E2) values are small and therefore insensitive to 
changes in the quadrupole moment Qq.)
The effect of additional alignments (due to three-quasiparticle configurations) on 
the B(M1) values are considered in Chapter 6.
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Figure 4.5 Calculated and experimental ratios of B(Ml;I-*I-l)/B(E2;I-*I-2) for a) ^ 10 s and b) 1^O s.
The full line represents the result of the particle-rotor calcualtion, the dotted line represents the predictions of 
Donau’s equation [D087] for no alignments, the dot-dashed line for a neutron alignment and the dashed line for a
proton alignment.
4,2.2 Positive parity bands
To reproduce the lower energy states of the positive parity bands in 171Os and 173Os, 
the full i13/2 Coriolis matrix was diagonalised.
In Figure 4.6 calculated and experimental energies of the i13/2 bands are presented 
for 171Os and 173Os. Moment of inertia and stiffness parameters larger than those used for 
the negative-parity bands were required for both nuclei, effectively reducing the strength 
of the Coriolis interaction. Reductions in Coriolis strength are a general feature of particle- 
rotor calculations of i13/2 bands, see eg [HJ70],[HJ72],[HU73],[ST75]. In Table 4.3 
experimental and theoretical branching ratios for the i13/2 band in l73Os are listed and good 
agreement is found with the calculated values. The values for 171Os are also listed.
For 171Os, the calculations suggest that the 1755.1 keV (23/2+) state could be the 
23/2+ member of the i 13/2 band. The 27/2+ state should be 632 keV higher in energy, much
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Figure 4.6 Experimental and theoretical (particle-rotor) energy levels of i h a n d s  in (a) 1^ O s  and (b) 1^Os.
higher than the 2165.1 keV (27/2+) state observed. Both might still be identified with the 
unfavoured i 13/2 band if it were undergoing a backbend. Although this would mean an 
alignment at a lower frequency than in the favoured band, it is not inconceivable as this 
occurs in 173Os (see section 6.5.2). The predicted branching ratios imply that a 23/2+ to 
19/2+ transition should have been observed, unless its energy were less than 350 keV in 
energy.
85
Table 43
Branching and mixing ratios in banc*a.
^exp ^theory8) ^exp ^theory3)
173Os 19/2 3.3(9) 3.1
23/2 4.8(18) 7.1
27/2 16.7(82) 16.7
171Os 27/2 0.78(10) 0.85
4 35+2.36 
-1.4123/2 <0.1 1.37 1.01
43  Calculations for the odd-proton nucleus 171 Re
4.3.1 The calculations
Particle-rotor calculations were performed for the bands in 171 Re, using a similar 
procedure to that used in the calculation of the odd-neutron nuclei.
At &2 = 0.2 and Z = 75, the Fermi surface lies just above the 9/2“[514] orbital (see 
Figure 3.20). The levels of the 9/2~[514] band were calculated by diagonalizing a matrix 
composed of all six Nilsson orbitals derived from the h 11/2 subshell. The result of this 
calculation is compared with experiment in Figure 4.7, where the moment-of-inertia 
parameter is plotted. The average behaviour of the band is well reproduced, but the 
oscillations, related to the signature splitting (section 5.3) are not.
For the 5/2+[402] band, a calculation involving all of the Nilsson orbitals derived 
from the d5/2 and g7/2 spherical shell model orbitals showed that the wavefunction was 
predominantly composed of the 5/2+[402] orbital with small admixtures derived from the 
7/2+[404] orbital.
Without a mechanism for mixing between the l /2 +[660] and 5/2+[402] bands, out of 
band decays from the 17/2+ and 21/2+ levels the l/2^[660] band (see Figure 3.24) would not 
be expected to precede the population of the 13/2+ "bandhead". However, the 21/2+ state 
decays by two competing E2 transitions to 17/2+ states, with an out-of-band/in-band B(E2) 
ratio of 0.57(9). To investigate whether the decay of the l /2 +[660] band into the 5/2+[402] 
band could be attributed to AN=2 mixing, and to see what effect this might have on the 
aligned angular momentum (see Chapters 5,6) of the 5/2+[402] band, a calculation was
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performed using the orbitals derived from the s l/2tdz/2^5/2 and i13/2 configurations, which 
included an estimated AN=2 matrix element, in line with [AN68].
The result of this calculation is also displayed in Figure 4.7 and as for the 9/2“[514] 
band, the oscillations in the moment-of-inertia parameter could not be reproduced. 
Significantly, the inclusion of the AN=2 interaction could not reproduce the upbend in the 
alignment curve at low spin (see Chapter 6).
9 /1 5 1  4]
>  20
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\  9/J k  13A  15/ o  ' I
Figure 4.7 Plot of A E (I-d-l)/2I vs I2 for the 5/2+ (402J and 9/2_(514] bands in 171 Re and for the 
9/2*15141 band in 173 Re. The dashed curves are the particle-rotor calculations fo r171 Re.
The experimental branching ratio at the 21/2+ state of the l /2 +[660] band is only 
reproduced, if the parameters of the calculation are adjusted so that the final separation of 
the calculated 11/2* states is 5 keV. The amplitudes of each of the 18 components of the 
wavefunction for the two 17/2+ states are then quite similar and lead to Ml and E2 decays
87
to the 15/2+ and 17/2'*' states in the 5/2+[402] band. These decays are observed with 
branching ratios which correspond to approximately equal B(M1)/B(E2) ratios, in agreement 
with the proposed mixing.
Matching the calculated energy separation between the 17/2* states to experiment 
underestimates the branching ratio. The simultaneous matching of these quantities in the 
model may not be possible, as the 5/2+[402] band shows evidence of both, triaxiallity, and 
mixing from another bandcrossing (section 6.4.4).
4.3.2 Bandhead energies
Experimental bandhead energies are listed in Table 4.4. Although the excitation 
energies of the 5/2+[402], l /2 +[660] and 1/2“[541] bands are known relative to each other, 
the 9/2"[514] band, believed to be the ground state, was not connected to them. The absence 
of connecting transitions between either the 1/2“[541] band or the 5/2+[402] band to the 
ground state, and the relative population of the high-spin members of each band, imply a 
limit of < 200 keV for the 1/2"[541] bandhead energy, x.
The bandhead energies in 171 Re are compared with the calculations of Nazarewicz 
et al [NA90], which used a Woods-Saxon potential and liquid-drop plus Strutinsky shell- 
correction, (similar to that outlined in Chapter 8) in Table 4.4.
The ground state band is correctly predicted, the 5/2+[402] bandhead energy is in 
reasonable agreement with experiment if x « 200 keV, its upper limit, while the energy of 
the 1/2"[541] band is overestimated by « 200 keV. According to the calculations, two bands 
corresponding to different admixtures of the l /2 +[660] and l /2 +[400] orbitals should be 
present. The configuration associated with the lower energy bandhead is predicted to have 
a smaller deformation than that at higher energy. It too is in agreement with the 
experimental l /2 +[660] bandhead energy if x »  200 keV.
Nazarewicz et al [NA90] list a number of sources of error in their calculations; these 
include neglecting configuration dependent pairing (see section 5.4.1) and triaxiallity. Their 
calculations also did not include corrections for the zero-point rotational energy of a 
bandhead [NI75] which is given by equation (4.2) with I = K and excluding Hp. This is 
partly justified since the potential parameters were fitted to experimental non-collective
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configurations, implying that their calculations already contain part of the zero-point 
rotational energy.
Difficulties in predicting the bandhead energy of the l /2 +[660] band have been 
found in 17*Ta and 177Re [YA83], and have been the basis for modifications to potential 
parameters in the Nilsson model [BE85],[ZH87].
Table 4.4
Bandhead energies and deformations in 171 Re.
lrt Configuration pEexp
(keV)
Theory0)
(keV)
9/2*15141 0 0 0.20
5/2+ [402] 42+x 204 0.21
5/2*, 1/2*1541] X
1/2*, 1/2*[541] 1 x-17c) 430 0.24
17/2+ ,l /2 + [660]®l/2+ [400] 1235+x
l/2 + ,l /2 + [660]®l/2+ [400] 638+xd) 1980 0.25
17/2+ ,l /2 + [400]®l/2+ [660]
l /2 + ,l/2+[400]®l/2+ [660] 880 0.19
a) [NA901.
b) ^2mß2 +0.1
c) The unperturbed 1* state is 17 keV below 5/2* from PR calculation.
d) The unperturbed i+ state is 597 keV below 17/2+ from PR calculation.
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Having established many of the low spin properties of the rotational bands of these 
nuclei, the rest of this work will be devoted to understanding various bandcrossing features. 
We will begin by employing the Cranked-Shell Model, which has been successfully used to 
interpret the features of many nuclei. Comparisons with experiment are made in the 
following chapter.
5.1 Transformation to the rotating frame
A change of reference for experimental quantities such as energy and spin, into the 
rotating frame of the nucleus, facilitates the separation of collective and independent 
particle effects. The excitation energy in the rotating system E', called the Routhian, is 
related to that of the laboratory system Ex, by
90
E} = Ex - ulx (5.1)
where co is the rotational frequency of the nucleus and Ix is the aligned angular momentum, 
that is, the component of angular momentum on the x-axis. The Routhian is derived from 
experimental quantities using the relation [BE83]
E % )  = 0.5 (E t+ E d-adJIJIJ  (5-2)
As is apparent from Figure 4.1, the experimental aligned angular momentum is simply given 
by
/x »vy+i)2-x2 (5.3)
Classically,
but o) is derived from each transition using
(5.4)
M /a) (V £ f)w -w (5.5)
where Ia is the average of the aligned angular momenta of the initial (Ix(Ij)) and final (Ix(If)) 
states of energy Ej and Ef.
The separation of quasiparticle excitations from the (collective) rotational excitation 
of the nucleus, is achieved by subtracting the rotational excitation, which is estimated from 
the ground state band of an even-even nucleus as it contains no quasiparticle excitations. 
The ground state band moments of inertia 3>, are parameterized by the Harris formula 
[HA65]
3  = S q -S S ,« 2 (5.6)
implying that the ground-state band energy E'g, and aligned angular momentum Ixg are 
given by
£g(") ■ - ^ 3 o - ^ 3 , .
and
/ Xg(<*>) = SoW + SqW3
1
83o
(5.7)
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The moments 3>0 and can be determined by fitting equation (5.7) to the ground-state 
band, at low frequencies. Equations (5.7) will then specify the behaviour of the core. By 
extrapolating to higher frequencies they are used as references from which the quasiparticle 
energy e'(w) and net aligned angular momentum i(a>) are obtained via [BE79]
e\u>) = E\(o
and (5.8)
i{oj) = Ix(w )-Ix g(w)
This process is illustrated schematically in Figure 5.1, where i and e' have been obtained for 
the yrast sequence of 170Os. A backbend in the plot of i vs fiw is visible with a gain in 
aligned angular momentum of i\fi. This has been attributed to an alignment of i 13/2 
neutrons. The corresponding bandcrossing is evident in the plot of e' vs fio)\ the Routhian 
of the aligned (113/ 2)2 neutron excitation crosses the ground state band at a frequency of 0.25 
MeV.
Of course, if  the Harris parameterisation of the moment o f inertia does not represent 
the behaviour of the core in the extrapolated region, a proper separation of particle and 
collective excitations will not be made. This is particularly the case if  a sudden change in 
the moment of inertia occurs that cannot be described by the Harris polynomial (equation 
(5.6)).
Since the coupling between rotation and independent particle motion is removed by 
the transformation, the quantities e' and i are additive, enabling the properties of one band 
to be directly compared with another, provided they share the same average field, or
reference.
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Figure 5.1 Routhian and aligned angular momenta vs frequency for the yrast band of * ^ °Os. The reference (3q “ 12.7 
MeV'1Ä2^f1-85MeV'3Ä4) is indicated (top).
5.2 The Cranked Shell Model.
In order to interpret experimental Routhians in a quantitative fashion, the Cranked 
Shell Model (CSM) is employed. Details of these types of calculations are given in 
[BE79a],[BE83] and [V083] for example. Here, only a broad outline is presented.
The single-particle Hamiltonian is "cranked", or forced to rotate at a frequency < a  
around the x-axis, perpendicular to the symmetry axis z. This corresponds to a 
transformation into the rotating frame, the single-particle Routhian h' being given by
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h‘ = h - wJx (5.9)
where Jx is the angular momentum projection on the x-axis (aligned angular momentum). 
The second term introduces the Coriolis and centrifugal forces. These mix the single particle 
states so that K is no longer a good quantum number. With the inclusion of pairing, the 
(cranked Hartree-Fock-Bogolyubov (HFB)) Hamiltonian can be written [BE79]
H' = h -  wJx -  A(P* + P) -  XN (5.10)
The operators P+ and P in the third term, which introduce the pairing interaction, 
create and annihilate pairs of particles. The strength of the pairing is related to the pairing 
gap parameter A which can be obtained from the odd-even mass difference, but can be 
calculated self-consistently (see eg [BE83]). With the introduction of pairing, particle states 
are coupled to hole states and particle number is no longer conserved. Energies must be 
given relative to the Fermi surface X, which is adjusted so that the expectation value of the 
particle number operator N, is equal to the number of nucleons.
The only quantities that are conserved are parity n, (reflection symmetry) and 
signature or, (rotation through 180°). These quantum numbers label the quasiparticle 
wavefunctions and Routhians.
In equation (5.10), no term explicitly couples protons to neutrons, therefore the 
diagonalization of H' is done independently for neutrons and protons in separate calculations.
The calculations performed here, used a CSM program written by R.Bengtsson 
[BE79]. The single particle Hamiltonian employed contained the modified oscillator 
potential (equation (4.3)), modified to include triaxial shapes, defined by the parameter 7 
of the LUND convention [AN76].
This potential is only an approximate treatment of triaxiality, as the cranking still 
only occurs around one axis (x). The k and /x parameters were taken from [BE85] for 
neutrons and from [ZH87] for protons.
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53 Bandcrossings and the CSM.
In this section, general predictions of bandcrossings by the CSM are discussed. As 
an example, a quasiparticle diagram for neutrons in 170Os, calculated using nominal values, 
is presented in Figure 5.2. The Routhians are plotted as a function of rotational frequency 
fioj with the condensed labels A,B,C etc. (In Table 5.1 the correspondence with the parity- 
signature labelling is listed.)
1-5
10
0-5
>
CD
2  0-0 
N<I)
- 0 - 5
- 1 0
-1-5
Figure 5J2 Quasiparticle diagram forneutrons in ^ O s .  lin e type indicates (n,a). Full lines indicate (+,i), short dash 
(+,-i), dot-dashed (-,1), long-dash (-,-!)•
Negative energy Routhians are labelled -A,-B, etc, and sire simply the reflection, 
in the Fermi surface, of the positive energy levels of opposite signature. A quasiparticle 
excitation is obtained by emptying a level below the Fermi surface and occupying the 
corresponding level above the surface. In an even-even nucleus, the ground state band, 
since it is devoid of any quasiparticle excitations, is identified with the vacuum, defined as 
the configuration with all of the quasiparticle levels below the Fermi surface ( E = 0), being 
occupied at co = 0. A single quasiparticle excitation is identified with an odd nucleus .
The expectation value of the aligned angular momentum of a quasiparticle level is 
equal to the negative of its slope, ie
Tabic 5.1 95
Letter labels and corresponding parity-signature labels 
M n
dJ k  -  (5 1 1 )
du)
At frequencies below 0.25 MeV, the 
two lowest positive energy Routhians (A 
and B), both of positive parity, have 
opposite signatures. They have the steepest 
slope, implying a high aligned angular 
momentum and the signature splitting, Ae' 
= ea=t-ea=_i, is large. The favoured 
signature, a  = +1, lies about 300 keV below 
the unfavoured a = -k signature. They arise from the i13/2 orbital, the strong Coriolis 
forces causing rotation alignment and therefore a large aligned angular momentum.
The next two lowest Routhians (E and F), have negative parity. The signature 
splitting between this pair is much smaller, and the aligned angular momentum lower, in 
keeping with the experimentally observed negative parity bands in the odd-nuclei.
At fiw = 0.24 MeV, a close encounter occurs between the A and -B, and B and -A, 
levels, which are of the same signature, before they ’repel’ each other, implying an 
interaction Vw that exchanges the character of the interacting levels. This feature is 
equivalent to a bandcrossing, in this case, the change of the vacuum configuration, to one 
composed of aligned i13/2 neutrons (the AB configuration). The change in the slope of the 
-A and -B Routhians signifies a large change in angular momentum, approximately lift at 
the crossing frequency ftwc = 0.24 MeV. The crossing will be ’blocked’ if either of the A or 
B configurations are already occupied, (implying that either of the -B or -A levels is empty), 
since then at the crossing, no net change in the angular momentum takes place. Two other 
band crossings, labelled BC and AD are observed near 0.33 MeV. The BC crossing can occur 
if the AB crossing is ’blocked’ by occupying the A configuration, and similarly, the AD 
crossing can occur when the B configuration is occupied. The CD crossing occurs at a very 
high frequency, near 0.5 MeV, unaffected by the occupation of either the A or B
Label
(+.+*>! A
(+.-*)! B
(+ .+ l)2 C
(+.- 0 2 D
(- .+ 0 ! E
(--*>! F
<-.+*)2 G
(- .- i )2 H
configurations.
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The levels at 3130 and 3706 keV in 170Os belong to the continuation of the ground 
state band (Figure 3.7), after the AB crossing. On the quasiparticle diagram, they 
correspond to the -A  and -B Routhians being occupied in the frequency interval between 
the AB and BC crossings, the A and B Routhians being unoccupied. The BC crossing is thus 
the next crossing to be encountered by the ground band. When the AD crossing follows the 
BC crossing by a very a small frequency interval, the two crossings become 
indistinguishable, and the BCAD configuration is said to cross the extension of the ground- 
state band. Such a situation has been suggested in light Er and Gd isotopes [SI87],[M089].
The strength of the interaction at a crossing, Ww , determines in part, how rapidly
the crossing takes place and whether or not backbending occurs. According to
[BE79],[BE86], if  3L = ), and Ai is the change in aligned angular momentum due to thec
bandcrossing, then backbending occurs if  IV^J «  (Ai)2/4S C. Only a gradual increase in 
alignment, or upbending, occurs if  |VW | > (Ai)2/43Lc
In Figure 5.3, calculated proton Routhians are displayed, for 171Re, at a deformation 
£2 lying between those predicted for the deformation aligned and rotation aligned orbitals. 
The Routhians are labelled by the quantum numbers o f the Nilsson orbitals from which they 
originate at w=0. No bandcrossings are predicted before a high frequency, of 0.40 MeV, 
where alignments due to i 13/2, hi 1 /2  and h9/2 protons are expected.
In summary the neutron crossings we may expect to see are AB,BC,AD and 
(provided the bands are known to suffiently high frequency) CD. They will also be 
observed in that order, with increasing frequency, provided that the pairing and deformation 
remain constant. Like the CD crossing, the i i3/ 2 ’hj 1/2 a n d  h9/2 proton alignments should not 
occur until at least 0.4 MeV.
Quantities predicted by the CSM that can be compared with experiment are the 
aligned angular momenta, bandcrossing frequencies, signature splittings and less reliably, 
the interaction strength Vw . For high j orbitals in this region (h9/2 or i 13/2), these quantities 
generally depend on A, N and the deformation parameters, because of the effect these 
parameters have on the strength of the Coriolis interactions. The effects [BE83] are
summarised below.
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Figure 5.3 Quasipartide diagram for protons in 171 Re. “ 0.23.)
Ouadrupole deformation
Decreasing values of imply smaller values of 3, and hence larger Coriolis 
interactions (equation (4.6)). With increasing Coriolis strength, the aligned angular 
momentum of a Routhian increases until the band is fully aligned (ie i=j). The crossing 
frequency must decrease with increasing aligned angular momentum, as the (stronger) 
Coriolis interaction breaks a pair at lower frequency.
Fermi level A
A Fermi leve A, near low-Q components of a j-shell will also increase the Coriolis 
interaction. The signature splitting is a sensitive function of A, because it results from the 
admixture of Q= 1/2 components in the wavefunction. As the Fermi surface is moved nearer 
to the bottom of a j-shell, it increases. By contrast, the interaction strength V , is predicted 
to be an oscillating function of A as shown in Figure 5.4.
Asymmetry y
Negative y deformations locate the Fermi surface nearer low Q-orbits of the 
riis^orbital and hence increase the Coriolis mixing in i 13/2 bands.
A
N
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Figure 5.4 The predicted AB crossing interaction strength as a function of neutron number. Figure from 
[DR 80b].
Pairing gap A
Increasing the pairing, (which counteracts the Coriolis force) delays alignments and 
associated band-crossings to higher frequency. The increased pairing also increases the 
density of quasiparticle levels in the vicinity of the pairing gap. Thus greater mixing of 
states with those of low Q-values occurs and this gives rise to increased values of aligned 
angular momentum.
5.4 Choice of potential parameters.
The present CSM calculations could only be performed for fixed pairing and 
deformation, but in the nucleus, it is expected that these will vary, depending on a number 
of factors, such as the configuration, the rotational frequency and the location of the Fermi 
surface. Since the accuracy of the CSM calculations depends on a realistic choice of these 
parameters it is important to know how deformation and pairing varies with the occupation 
of a particular configuration.
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5.4.1 Pairing
We begin by examining pairing, which is affected by the occupied configuration in 
two ways.
Firstly, shifts in band crossing frequencies in odd neutron nuclei have been 
interpreted as evidence of quadrupole pairing [GA82a]. In addition to the usual monopole 
pairing correlation energy, which can be written as
A mo„o ■ G E  Uj Vj  (5.12)
a quadrupole term is added
A quad * (5.13)
so that the pairing becomes state dependent. The pairing correlation energy of a particular 
state v is then given by
^  v ^mono + ^quad (5.14)
The G’s are monopole and quadrupole pairing coupling constants. The Uv’s and Vv’s Eire 
occupation amplitudes for the states v with quadrupole moments q2(tO which have positive 
(prolate) values for downward sloping Nilsson orbitals, sind negative (oblate) values for 
upward sloping orbitals. Thus changes in pairing occur depending on q2(v), affecting in 
turn, the AB crossing frequency. Such a situation occurs in heavier osmium isotopes, for 
example in 181Os, the 7/2~[514] band (downward sloping orbital), backbends later than the 
1/2“[521] band (upward sloping orbital). Garrett et al [GA82a] have calculated the change 
in Av, due to Aquad for the (upward sloping) 3/2“[521] and (downward sloping) l l /2 “[505] 
configurations in 16lEr, from A„ of the neighbouring even nuclei, and obtained agreement 
with the "experimental" value, derived from bandcrossing frequencies, of 0.3 MeV for the 
3/2"[521] band and 0.0 MeV (no change in Av) for the 11/2~[505] band. In the nuclei under 
scrutiny, however, differences in bandcrossing frequencies due to quadrupole pairing are 
likely to be small, as all of the neutron orbitals near the Fermi surface are downward
sloping.
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Secondly, quasiparticle excitations block the orbitals into which particles can be 
scattered by the pairing interaction, (effectively setting a particular Uv equal to zero in the 
summation of equations (5.12) and (5.13))., thereby weakening the pairing correlations. The 
systematic change in crossing frequencies between odd and even nuclei is seen as evidence 
of a reduction in pairing brought about by blocking [GA80a]. The exact effect of the 
blocking on pairing will depend on the location of the blocked orbital relative to the Fermi 
surface, but for those near the Fermi surface, the reduction in pairing has been estimated 
[ZE83] to equal about half of the average spacing of the Nilsson levels. By inspection of the 
Nilsson diagram, the average level spacing is of the order of 300 keV, implying a reduction 
in A of 150 keV or approximately 15% of a typical value for A, 1 MeV, when an orbital 
near the Fermi surface is blocked. In regions of low level-density, the pairing reduction due 
to blocking will be even greater.
Since the pairing is sensitive to the level density, weak pairing may be expected at 
a subshell gap, even without blocking. This has been postulated by a number of authors 
[ST65],[MA68],[HA73],[WA76] at N = 98 (^  * 0.2) where a large subshell gap occurs between 
the 5/2“[523] and 7/2+[633] Nilsson orbitals (see Figure 3.8). With a reduction in pairing, 
the moment of inertia of a nucleus will approach its rigid body value. The evidence for the 
reduced pairing at N = 98 has relied principally on the increased moments of inertia found 
in rotational bands in these nuclei.
The pairing is therefore expected to be reduced in 173,174Os and 173Re, which have 
96<N<100, compared to nearby nuclei with neutron numbers outside of this range.
In the CSM calculations performed in Chapter 6, the pairing gap parameter A was 
estimated from the odd-even mass difference. The third difference pairing, given by
A0„(N) = ~[B(Z,N-2) 1B(Z,N) - B(Z,N+1)] (5.15)
was used for neutrons and an analogous expression used for protons. Because the masses of 
the nuclei of interest are generally unknown, the values used for the binding energies B in 
equation (5.15) are those of systematics, introducing some uncertainty into the calculations.
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Pairing reductions due to blocking were treated in an average manner, by reducing 
A by 15% for each quasiparticle excitation. An alignment of a pair, for instance, 
corresponds to a two quasiparticle excitation and the effects of this were mimicked in the 
CSM calculations by decreasing A by 30%.
Finally it is noted that since the pairing depends on the occupation amplitudes Uv 
and Vv (equation (5.12)) the best estimate of A as a function of frequency, is obtained from 
self-consistent calculations which use the appropriate amplitudes at a given frequency.
5.4.2 Deformation
In strongly deformed nuclei, the deformation will not differ appreciably with 
different configurations, but this is not the case for the nuclei in question, which are 
expected to be soft. For example, the calculations of Ragnarsson et al [RA74] give the 
energy difference between prolate and oblate deformations, V ^ , as 900 and 1400 keV for 
170Os and 172Os respectively, compared to that of a stiff nucleus, say 176Yb, for which VpQ 
was calculated to be 4400 keV. Of greater relevance is the size of compared with the 
deformation driving force of a given quasiparticle configuration. This is discussed below. 
Ouadrupole deformation
For the even osmium nuclei, the deformation parameter was normally chosen from 
the same systematics outlined in the particle-rotor calculations. However, for the odd 
nuclei, and in particular for 171 Re, large differences are predicted between different 
configurations.
In the odd-proton nuclei, the deformation calculations of Nazarewicz et al [NA90], 
listed in Table 4.4 were used as guide. Further estimates of the deformation favoured by 
a particular configuration were made by calculating the quasiparticle energy as a function 
of deformation, e2. The calculations for 171 Re are shown in Figure 5.5. Since they do not 
include the collective energy of the nucleus, they do not predict its deformation, but only 
that favoured by a particular orbital. Most orbitals do not strongly favour any specific 
deformation, except for the downward sloping l /2 +[660] and 1/2“[541] configurations (see 
Figure 5.5), which are at least 1000 keV lower in energy at s2 = 0.27 than at = 0.17.
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Figure 5.5 Behaviour of proton quasiparticle energies as a function of the deformation e2- Dashed line a - -  i, solid 
line a -  +1.
' -
The behaviour of neutron quasiparticle energies as function of is shown in 
Figure 5.6. The energy of the A and B quasiparticle configurations, derived from the high-j 
*13/2 orbital, minimize with smaller deformations.
Hexadecapole deformation
In all of the nuclei, the deformation parameter e4 has been predicted to be negligible, 
therefore it was fixed at zero.
Asymmetry y
Finally, the asymmetry parameter 7, is also sensitive to the configuration [FR83]. 
In Figure 5.7, the quasiparticle energies have been calculated as a function of 7-deformation 
for protons in 171 Re. The most sensitive orbitals are again those with low K components. 
Since the Fermi surface is low relative to the l /2 +[660] and 1/2“[541] configurations, these 
equatorial orbits have predominantly particle character implying that positive values of 7 
will be favoured. For the l /2 +[660] configuration, this amounts to an energy difference of 
700 keV between -30° and +30°, comparable to the calculated prolate-oblate energy
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Figure 5.6 Neutron quasiparticle energies in 1'720s as a function of £2- 
difference.
A total Routhian which includes the collective energy of the nucleus as a function 
of 7 and to, in an approximate way, can be calculated, in order to predict the 7 deformation 
of a configuration, using the formula of Frauendorf and May [FR83]
E \ o>,7) = £ gW )  + £ e '( td ,7 )  (5 .16)
V
where e'^(w,7) is the quasiparticle energy and E'g(a;,7) is the Routhian of the g-band (ie the 
reference), given by
Eg(<o,7) -  iV pOcos3?-  2w2(30 + iw23 1)cos2(/i-30°)/3 (s -17)
By applying this to 171 Re, with ~ 1400 keV, the total Routhians shown in the top frame 
of Figure 5.7 are obtained. The l /2 +[660] and 1/2“[541] total Routhians minimize at small 
positive gamma deformations of 7° and 2° respectively. The 9/2“[514] and 5/2+[402] 
configurations favour 7 = 0°.
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Figure 5.7 Bottom : quasiproton energies in 1^1Re, as a function of triaxiallity 7 . Top : Routhians including 
collective energy.
However this equation was of limited use for two reasons. Firstly, the CSM in the 
present form is not reliable for large values of 7 as the cranking only occurs around one axis 
[BE79]. Secondly, the actual shape and depth of the nuclear potential, approximated by 
equation (5.17), as a function of 7, is unknown.
In Figure 5.7 it can be seen that an hg/2 proton alignment will favour a positive 
gamma deformation and from Figure 5.5 a large quadrupole deformation is favoured. 
Although these calculations were performed specifically for 171 Re, the conclusions do not 
change for the Os isotopes.
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The effect of neutrons on triaxiality is considered in Figure 5.8, where diabatic1 
quasiparticle energies calculated with the CSM are plotted as a function of gamma 
deformation at a rotational frequency above the (predicted) AB crossing. The pairing gap 
parameter has been reduced to take into account a weaker pair Field due to the alignment 
of the AB neutrons. Although these calculations are specifically for the nuclei 171“1730s, the 
results are similar for the Re isotones, since the Fermi surface differs only slightly.
The E and the F configurations show only a weak energy dependence on gamma 
deformation, manifesting itself as a change in the signature splitting. However, the A and 
B configurations, composed of i13/2 neutrons, show a much stronger energy dependence on 
gamma deformation.
neutronsneutronsneutrons
D _ _ _ _ _ _
D ___
B _ _ _ _
-1200
-1600
-20  -10-20 -10-20 -10
Figure 5.8 Diabatic quasiparticle energies e’ vs 7 for neutrons in (a) 171Os (flw -  0.3 MeV, A -  O-öA^. -  0.18), 
(b) 1720s {flw = 0.3 MeV, A = 0.7A ^. e2 “ 0.20), (c) for neutrons in 1730s {flw = 0.3 MeV, a = A ^ , e2 -  0.22)
1 Diabatic Routhians are created by interpolating Routhians through a band crossing.
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In 171Os, the alignment of i 13/2 neutrons favours a positive gamma deformation, the 
energy of the AB configuration being approximately 400 keV lower at 7 = +20° than at 
7 = -20°. With increasing neutron number, the Fermi surface rises and the A configuration 
changes to one having a greater hole character so that in 173Os the reverse is true, a negative 
gamma deformation is favoured, by about the same magnitude. These values are comparable 
to the calculated prolate-oblate energy difference in 172Os (1400 keV). Therefore, in the 
nuclei with N<96, the gamma deformation is likely to be strongly influenced by an AB 
neutron alignment, favouring a positive gamma deformation. In l72Os, an AB neutron 
alignment appears to be neutral, while for nuclei with N>96 a negative gamma deformation 
is favoured.
However, the behaviour of the A and B configurations is clearly very sensitive to the 
location of the Fermi surface. Since a neutron alignment will favour a smaller quadrupole 
deformation, (Figure 5.6), the Fermi surface will change in the direction that causes the 
neutron alignment to favour a positive gamma deformation (ie towards 171Os in Figure 5.8) 
This is demonstrated in Figure 5.9, for N=96, and £2=0 . 11. Whereas at £2=0 .2 , the neutron 
alignment was neutral (Figure 5.8) it now favours positive gamma. In all of these nuclei, a 
BC alignment will be expected to drive the nucleus in the direction of positive gamma 
deformation.
The most obvious effect of a change in gamma deformation will be on the signature 
splitting. In particular, the signature splitting between the E and F configurations after a 
backbend (or increase in alignment) should be a sensitive test of the cause of an alignment.
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Figure 5.9 Quasineutron energies in 172Os as for Figure 5.8, but with e2 ” 0.17.
5.5 Implications of different bandcrossings for experimental quantities.
The success of the CSM in predicting alignments and crossing frequencies in well 
deformed nuclei is well documented. Presumably, if  the pairing and deformation parameters 
are chosen correctly, the corresponding aligned angular momenta and bandcrossing 
frequencies should be, in at least reasonable, agreement. Typically, alignments are matched 
within l/i and crossing frequencies within 0.02 MeV. Failure to do so will imply effects 
such as collective excitations, shape-coexistence, or dynamic changes in deformation and 
pairing that are unaccounted for by the CSM. Therefore we discuss how experimental 
quantities can be used to help identify the cause of an alignment.
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5.5.1 Aligned angular momenta and crossing frequencies in the presence o f a shape 
change.
Both the crossing frequency and the total gain in net aligned angular momentum 
should be in accord with the CSM, but if substantial changes in deformation due to a shape 
coexistence effect (Chapter 8), or alignment (eg triaxiality) occur, the reference 
configuration, (used to derive the net alignment from the total alignment), may change so 
as to invalidate the additivity of quasiparticle Routhians and net aligned angular momenta. 
However, if the VMI or Harris parameters of the ground band (before being crossed, for 
example by a more deformed band due to a shape-coexistence effect) and s-bands are 
similar, this implies that the same reference configuration can be used for both. Thus, in 
the presence of an intervening shape change, the ground s-band crossing frequency can be 
determined by extrapolating the Routhians from regions where the cores are believed to be 
similar, and the net alignment can also be deduced in these regions.
5.5.2 Neutron alignment and signature splitting
In deformation aligned bands, the signature splitting after a neutron alignment will 
depend on the location of the Fermi surface, which depends on the deformation and neutron 
number as outlined in section 5.4.2. This will be a useful tool if  the proton alignment can 
be excluded, both in identifying a neutron alignment, and in indicating the deformation of 
the nucleus.
5.5.5 Blocking.
Blocking arguments can be used to distinguish between different excitations. For 
instance the occupation of the A or B neutron configurations will block the AB crossing, 
while occupying the h9/2 proton orbital should prevent an h9/2 proton alignment.
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5.5.4 B(M1)/B(E2) transition rates.
A quantity observed in the measurements of odd-nuclei were B(M1)/B(E2) transition 
rates in the strongly coupled bands. These were not calculated with the CSM, but are a 
sensitive test of the particles involved in an alignment process. A semi-classical equation 
developed by Donau [D087], modified by using the rotational model for the B(E2) rate 
[LA84], predicting B(M1)/B(E2) transition rates in the presence of an alignment, was 
employed :
B{E2\I-^I-2) 5ßoc°s2(300 +7)
1-
'2 T2
d - i y
tea-?R> 1- i
*
*a± Ae7
/  ÜJ -<sb -g R)
(5.18)
The subscripts a and b refer to deformation aligned, and rotation aligned quasiparticles. The 
net aligned angular momenta ia b and the signature splitting Ae' were usually taken from 
experiment. Calculations employing this equation are clearly sensitive to the reference 
configuration, which enables ia b to be deduced. At the backbend, the B(M1) rate will be 
approximately proportional to
B(M1) « { ga -  gb )2
Since protons and neutrons have gK values of opposite sign, an increase in transition rate will 
occur for a proton alignment in an odd-neutron nucleus or a neutron alignment in an odd- 
proton nucleus. A decrease in transition rate occurs when an alignment of like particles 
takes place.
The B(M1)/B(E2) values will also be sensitive to shape changes via the B(E2). These 
may be due to a shape coexistence effect as outlined in Chapter 8, or to the shape driving 
forces of an alignment.
The accuracy of Donau’s equation depends in part, on a correct choice of many 
parameters: Q0,ia, K etc, introducing some uncertainties into its predictions. I n  o u r
110
calculations, the gK’s and expectation values of K, obtained from the particle-rotor 
calculations were employed, and i taken from experiment.
5.5.5 Systematics.
Certain types of bandcrossings should behave in a systematic manner as a function 
of neutron number. For example, if deformation increases with increasing neutron number, 
alignments will be delayed to higher frequencies and the gain in aligned angular momentum 
will become smaller.
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The bandcrossings in the light Os and Re nuclei are now examined with the aid of 
the CSM, beginning with the lightest nucleus, 170Os. The results of the CSM calculations 
are compared with experiment in Table 6.1.
6.1 I70Os
In Figure 6.1, net the aligned angular momentum and quasiparticle energies of the 
bands in 170Os are plotted. The yrast band shows a pronounced backbend, gaining a total 
of about lift of aligned angular momentum, at a rotational frequency of 0.250 MeV. By 
comparison, with nominal deformation (£2=0.16) and pairing (A=Aoe=1.21 MeV), the CSM 
is in good agreement with the gain in aligned angular momentum, but only fair agreement 
is obtained for the crossing frequency, if an AB neutron alignment is assumed. A neutron
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alignment would be expected to drive the 
nucleus to a positive gamma deformation, 
but this only worsens the discrepancy 
between the crossing frequencies. The 
alignments and crossing frequencies were 
not very sensitive to ^  therefore 
improvement is only achieved with an ad 
hoc increase in pairing, which was 
originally estimated from systematics, by 
about 10%, or by a negative gamma 
deformation of about -10°.
The negative parity sideband shows 
two upbends, the first at 0.17 MeV, the 
second at 0.3 MeV. The first upbend is not
predicted by the CSM, but low-frequency
, , , , , . . Figure 6.1 Net aligned angular momenta (top) andupbends are also observed in negative Routhians (bottom) for i70Os
Reference 3 0-  12MeV'1fi2.31 -85MeV3fi4.
parity bands of even Os, W and lighter
rare-earth isotopes (see eg [DR80]). At low spin, these bands are identified as octupole 
vibrational bands. According to the calculations of Vogel [V076], the Coriolis force aligns 
two quasiparticles at low frequency, causing the band to change character with increasing 
frequency, from octupole to rotation aligned AF and AE configurations, depending on the 
signature. Therefore, in keeping with other Os and W nuclei, we identify the upbend at 0.17 
MeV with the AE alignment. Although the ground-state might have a negative 7- 
deformation, as the calculations for the AB crossing might suggest, the AE configuration 
drives toward positive values of 7, and it is therefore expected to have larger values of 7. 
The occupation of the A quasiparticle level blocks the AB crossing; the CSM predicts a BC 
crossing at 0.27 MeV, when the pairing is reduced by 30% to account for blocking. This 
value is slightly below that of the second upbend, and even introducing a negative 7- 
deformation does not bring theory into agreement with experiment.
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Table 6.1
CSM calculations- compared with experiment.
band flw (MeV) i ifi) Ai (Ä) theory
exp theory exp theory exp theory e2 A(MeV)
7
170Os
(0,+)-*AB 0.250 0.23 11.2 11.1 0.16 1.21
0.25 11.0 0.16 1.30
0.25 10.9 0.16 1.21 -10
AE-ABCE 0.31 0.27 9.0 9.3 6.5 7.6 0.16 0.87
0.30 9.4 7.7 0.16 1.03
171Os
E—ABE & 
F—ABF 0.230 0.19 2.0 2.3 11 10.5 0.18 0.96
0.22 10.8 0.18 1.12
A—»ABC 0.31 0.30 6 6 9 7.5 0.18 0.96
0.32 6 8.0 0.18 1.12
1720s
(0,+)-A B 0.25a 0.22 10.5 10.6 0.20 1.13
0.26 10.8 0.20 1.28
AB-ABCD 0.44 2.8 0.20 0.80
AE-ABCE 0.29 0.27 8.0 7.6 > 6 7.1 0.20 0.80
0.29 8.1 7.5 0.20 0.96
171 Re
9/2'[514] 0.230 0.23 2.2 1.9 10.5 10.5 0.200 1.13 0
0.23 10.0 0.200 1.13 -15
1(541] 0.275 0.27 2.9 3.2 8 9.5 0.240 1.13 2
0.27 3.7 9.0 0.240 1.13 15
l+ [660] * 0.27 0.29 5.9 5.9 * 4 8.5 0.26 1.13 15
5/2+[402] 0.200a 0.21 1.6 0.3 9.3 10.3 0.200 0.95 0
0.21 9.8 0.200 0.95 -15
173Os
E-A B E & 
F—ABF 0.22a 0.23 9 9.6 0.22 0.96
A—ABC 0.29a 0.32 6 5.2 4 7.8 0.22 0.96
B-BAD 0.26a 0.36 5.5 4.5 3 <7 0.22 0.96
1740 s
(0,+)-A B 0.23a 0.26 9 10.1 0.22 1.10
0.24 9 9.2 0.22 0.94
a) Extrapolated crossing frequencies, see text.
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If the (blocked) pairing is increased by 15% again, better agreement is found. The 
assignment of the second upbend to the BC crossing is supported by the location of the BC 
crossing in 171Os, discussed in the next section.
This comparison with CSM calculations for 170Os indicates that the ground-state 
deformation may have a negative gamma deformation, and that the nominal pairing may be 
too low. Further support for this will be presented in following sections.
6.2 171Os
Net aligned angular momenta and Routhians for bands in 171-173Os are pictured in 
Figure 6.2.
♦ y ra s t  band
• o  5 /2—[523]•  o  5 /2—[523]
^sideband III-1200
-1600
hm [MeV]
Figure 6.2 Net aligned angular momentum i and quasiparticle energy e’ vs rotational frequency flw for (a) 171 Os,
(b) 172Os and (c) 173Os. Closed (open) symbols denote a  = + l(a - - i)  in odd nuclei and a  = 0 (a= l) in 172Os. 
Reference parameters (a) S0 = 12 . 7 , =84 . 6  (b) 3 0= 15.2,S j = 100 (c) S0= 12.0 MeV'1#2, S j = 180 MeV‘3fi4.
Dotted lines indicate extrapolated crossings.
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The bands based on the 2416.9 and 2524.8 keV levels in 17IOs are tentatively assigned 
to the ABE and ABF configurations. This assignment is supported by the following 
observations. The increase in alignment observed in the 5/2"[523] band is consistent with 
an AB neutron alignment. Moreover, the 5/2"[523] band shows a large reduction in 
signature splitting after the backbend. According to the CSM, this implies a gamma 
deformation of about +10° (see Figure 5.7), qualitatively in agreement with the gamma 
deformation favoured by an AB neutron alignment. Finally, the absence of cascade 
transitions implied by this assignment, is consistent with the predictions of B(M1)/B(E2) 
transition rates for a neutron alignment according to Donau’s equation, as can be seen in 
Figure 4.4.
The band crossings in 171Os obviously resemble those of 170Os. The AB neutron 
alignment gains about 11^ while in the i13/2 band, the backbend, presumably due to the BC 
crossing, contributes 9 fi at a higher frequency. The CSM, with the deformation £2=0-18, and 
the pairing gap parameter set to 0.96 MeV, 85% of the odd-even mass difference, slightly 
underestimates alignments and crossing frequencies of the AB crossing (Table 6.1). As in 
l70Os, the alignments and crossing frequencies are insensitive to ^  and a positive gamma 
deformation (favoured by the AB configuration) widens the discrepancy for the AB crossing 
frequency. Good agreement for the AB crossing can be only be obtained with an increase 
in pairing of about 15% to A = A ^. The BC crossing is well reproduced with 7=0° and
A = A oe-
63 172Os
Figure 6.2b shows the alignment curves for 172Os. Sideband I in 172Os shows an 
upbend at 0.18 MeV before another upbend at 0.29 MeV. This is interpreted as in heavier 
osmium isotopes [DR80] and in l70Os [DR88a], (section 6.1), with the BC crossing identified 
with the upbend at 0.29 MeV.
The BC crossing at 0.29 MeV in 172Os, is then similar to that of 17 ^ s .  At N=96 the 
predictions of the CSM are more sensitive to but if it is chosen to be 0.20, in the middle 
of the range of suggested values of deformation, and if the pairing is decreased from the 
nominal value to take into account blocking from the AE quasiparticle excitation, the CSM
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predicts a crossing frequency of about 0.27 MeV for the BC crossing, slightly below the 
experimental value. The predicted alignment gain for the BC crossing is 7.1/? compared with 
the experimental lower limit of 6/? and 8.5/? in 17lOs.
Sideband III in 172Os shows similar characteristics to sideband I, and probably 
contains the F quasineutron instead of the E quasineutron of sideband I, as proposed in 
[WE90].
The yrast sequence shows the upbend at fioj = 0.23 MeV followed by a backbend near 
fio) = 0.26 MeV. Using the nominal pairing, A = 1.13 MeV, the calculated AB crossing 
frequency is 0.22 MeV, similar to that of the low spin upbend. However, the upbending 
accounts for about 6/? of aligned angular momentum; the calculation predicts 10.6/?. Also, 
if  the upbend were identified with the AB crossing, then 2m explanation would still be 
required for the backbend at 0.26 MeV. Alignment of CD neutrons, for example, will occur 
much higher, at about 0.44 MeV, even when the pairing is reduced to 70% of the full pairing 
to take account of the AB alignment.
Thus the upbend is not accounted for by the CSM and will be discussed in the 
remaining chapters. If, as implied by those deliberations, its presence is indicative of the 
effect of a shape change, it is still possible to compare the ground-state band (before being 
crossed by a more deformed band) with the s-band if  they share a similar reference, as 
implied by their VMI parameters (section 9.2).
The total alignment gain, after the backbend, is approximately 10.5/?, similar in 
magnitude to the alignment gain for the AB crossing observed in 170Os (11/?), 171Os (11/?) 
and the AB crossing in the neighbouring isotone 17oW(10/? [AR83],[RE85]). Lighter isotones 
[AR83],[CH83],[WA81] show a smaller alignment gain, consistent with their higher 
deformation (section 5.3). Although the alignment curve is apparently complex, by 
comparison with other nuclei in this region, the total gain in alignment in the 172Os yrast 
sequence is consistent with an AB neutron crossing.
By extrapolating the Routhians of the ground band and the (presumably) s-band into 
the crossing region (see Figure 6.2b), we can locate a crossing at 0.25 MeV. If such an 
extrapolated crossing were identified with the AB alignment, the discrepancy with the CSM 
would be similar to that found for 170Os and 171Os. By increasing the pairing by 15%, the
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theoretical AB and BC crossing frequencies and alignments are in good agreement with the 
observed crossings.
6.4 171 Re
- 171
^  0-5
:> 0-5
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Figure 63
Net alignments and Routhians for bands in 171 Re. Reference parameters 30**22.7/?2MeV'1, -76.1 /i^MeV3.
The alignment curves and Routhians of 171 Re are presented in Figure 6.3.
6.4.1 9/1 [514] band
The 9/2- [514] band displays a backbend which is similar in appearance to that of the 
yrast sequence of 170Os and the 5/2“[523] band in l71Os. The gain in aligned angular 
momentum, the crossing frequency and the measured B(M1)/B(E2) transitions rates, which 
are compared to the predictions of Dönau’s equation in Figure 6.4, are indicative of a 
neutron alignment.
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Figure 6.4 Experimental and theoretical (equation 5.18) B(M1)/B(E2) ratios. Solid line is for 7=0° 
and assuming the backbend is due to an i13/2 neutron alignment. The thick solid line is result of
: the three-band mixing calculation (see section 9.2.2). In the high spin region of the 5/2','[402]
I
band, the numbered curves correspond to the 3-quasiparticle configurations; 1 -  ?i5/2+[504]<&7r9/2- 
[514]<Sttrh9/2; 2 - v5/2_[523]^9/2"[514]<8>vi 13/2; 3 -  ;r5/2+[504]®7rh9/22 and 4 -  v5/2~ 
[523]7TTE>7rh9/2<S>vi 13/2. Q0=6eb.
The signature splitting in the 9/2“[514] band below the backbend, is consistent only 
with a negative gamma deformation, see Figure 5.7, while that of the 5/2+[402] band 
indicates that M>0<>. Because the quasiparticle Routhians are essentially flat for these 
orbitals, this suggests that the core has a negative gamma deformation. After the backbend, 
the signature splitting disappears, consistent with 7 *0° and in agreement with the calculations 
of section 5.4.2, which indicate that a neutron alignment will bring about a reduction in 
driving the nucleus towards positive gamma.
Using the predicted deformation of [NA90] (Table 4.4), ^=0.2, (similar to that of the 
ground-state band of 172Os), nominal pairing and 7=0°, good agreement is found for the 
crossing frequency and gain in aligned angular momentum, if the value of the pairing 
deduced from the odd-even mass difference of 172Os is used. The signature splitting
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suggests negative 7 deformation, but using 7=-15° reduces the gain in aligned angular 
momentum by 1/2 fi. The crossing frequency is rather insensitive to 7 deformation for values 
of < 0-25.
6.4.2 1/2: [541] band
The 1/2“[541] band has a smaller alignment gain and backbends at a later frequency. 
In heavier Re isotopes [WA86] and other odd-proton nuclei eg [BA85a],[J084], this is 
attributed to a greater deformation of this orbital compared to the 9/2“[514] configuration, 
causing the neutron alignment to be delayed. The predicted deformation for the 1/2"[541] 
orbital is £2=0.24. With this deformation the CSM matches the experimental crossing 
frequency but overestimates Ai. The analysis of section 5.4.2, suggested 7 = 2° for this band, 
but even a value as high as +15° only reduces the gain aligned angular momentum by l ft, still 
above experiment. The interpretation of shape differences between orbitals used in the 
other nearby odd-proton nuclei [WA86],[BA85a], appears to only give qualitative agreement , 
in 171 Re.
6.4.3 l /2 +[660] band
The l/2 +[660] band, begins with 
about 6fi of aligned angular momentum, 
consistent with a rotation aligned i13/2 
band, and gradually gains aligned angular 
momentum. The total gain in aligned 
angular momentum, and the crossing 
frequency, is obscured by the gradualness 
of the increase, and the associated 
uncertainty in choosing a suitable 
reference. The Routhians suggest a lower 
limit for the AB crossing at 0.27 MeV. This
>  80
Figure 6JS The interaction strength 
crossing as a function of f2 m 171 Re.
of the AB neutron
configuration is predicted [NA90] to have an even greater deformation than the 1/2~[541]
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configuration, o f £2=0.26. With this value of deform ation, the CSM predicts a crossing at 
fan = 0.29 MeV.
A nother factor which contributes to the behaviour o f the band is that the interaction 
strength o f the AB crossing, which controls the smoothness o f the gain in alignment, is 
dependent on deform ation. In Figure 6.5 the interaction strength deduced from the CSM 
as function o f  deform ation is shown. Although there is a m inimum  at the predicted 
deform ation, the interaction strength rises rapidly with increasing deform ation. If  the 
l / 2 +[660] band has a  deform ation larger than predicted, the strong interaction may explain 
the gradual nature o f the alignm ent gain.
An alternative explanation for the gradual rise may lie in the true nature o f the 
l / 2 +[660] band. In Table 4.4, the Woods-Saxon calculations o f  [NA90] indicate that two 
bands o f  d iffe ren t deform ations, both o f l /2 +[660]®l/2+[400] character exist. They m ight 
mix at higher spin, particularly since the less deform ed bandhead has a lower excitation 
energy, and give rise to the gradual alignment.
6.4.4 5/2+[402] band
The 5 /2 +[402] band (Figure 6.3) shows yet a d ifferen t behaviour, rem iniscent o f the 
yrast sequence o f 172Os. An upbend is followed by a sharp backbend. Similar argum ents 
employed in the discussion o f 172Os, apply to this band and the upbend is not accounted for 
by the CSM.
Both the gain in aligned angular momentum, and the (extrapolated) frequency at 
which the ground state band is crossed by the aligned band (ie that which causes the 
backbend), are noticeably lower than that of the AB crossing in the 9 /2“[514] band, even 
though they are predicted to have similar e and 7 deform ations. One m ight question w hether 
the band based on the 1917 keV level, (responsible for the backbend) is to be identified w ith 
the AB configuration. Other three-quasiparticle configurations expected in this region 
include7r5/2+[504]<8>^9/2“[514]<8>7rh9/2, v5/2"[523]^8)9/2~[514]<8>vi 13/2 ,^5/2+[504]®^h9/22and 
v5/2“[523];7r8>7rfi9/ 2® 1^ 3/ 2, but according to Dönau’s equation a neutron alignm ent gives the 
best agreem ent w ith the experim ental B(M1)/B(E2) ratios (see Figure 6.4).
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9/ 2~ [514]
1/ 2' [ 541]
1/ 2“ [541]
>  0.25
9/ 2"[514]
Figure 6.6 Theoretical AB neutron crossing frequencies and alignment gains as a function of e2 and for ^ R e .  
Short-dash line A -  1130 keV, solid 950 keV, long-dash 750 keV. Horizontal lines indicate experimental crossing
frequencies.
In Figure 6.6, the behaviour of the theoretical AB crossing frequency and gain in 
aligned angular momentum is plotted. The crossing frequency is insensitive to y for < 
0.25, therefore it is clear that the simultaneous lowering of crossing frequency and aligned 
angular momentum can only be brought about by a decrease in pairing. At the deformation 
of €2=0.2, predicted by [NA90], the crossing frequency is in good agreement, when the 
pairing is reduced by 20%. A negative 7-deformation is hinted at by the B(M1)/B(E2) 
ratios, (see Figure 6.4), and, as for the 9/2“[514] band, the reduced signature splitting after 
the backbend, caused by positive 7-driving neutrons, also implies a negative value of 7
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before the backbench Setting 7=-15°, brings theory into better agreement with the 
experimental gain in aligned angular momentum.
A reduction in neutron pairing in the 5 /2+[402] band relative to the 9/2~[514] band 
is unexpected, as hitherto the neutron pairing was normally considered to be independent 
of the proton configuration. This issue will be re-examined in Chapter 9.
6.4.5 l/2 +[411] band
An upbend in the l /2 +[411] band, similar to that in the 5/2+[402] band is also 
present, but this band has not been measured to high enough spins to be compared with the 
CSM.
6.5 173Os
6.5.1 5/1[523] band
The alignment curves for 173Os were presented in Figure 6.2c. The reference 
configuration was chosen in order to flatten the alignment curve o f the i13/2 band above 0.32 
MeV. It is not clear whether it is also a suitable reference for the 5/2"[523] band, due to the 
gradual nature o f the alignment increase.
The alignment curve of the 5/2~[523] band shows a large upbend at approximately 
fio) = 0.16 MeV and another upbend at near fua = 0.26 MeV, for a total alignment gain of 
about 9 fi. These values are not well determined, however, because o f the smoothness of the 
upbends. Another crossing is also seen beginning at about 0.35 MeV. This might be the 
proton alignment, but the band is not determined to high enough spins to define the 
alignment gain. The two upbends at lower frequencies represent a situation similar to that 
observed in l72Os,174Os and 172W and suggest the presence of three bands.
If there were a low spin alignment of h9/2 protons in the 5/2~[523] band, as has been 
suggested [RA86] for 172W, their positive g-factors (gk = 0.76) would imply B(M1)/B(E2) 
values higher than those measured. The experimental B(M1)/B(E2) values are in fact 
consistent with either no alignment or a neutron alignment (see Figure 4.5). At high 
frequencies (fiw > 0.25MeV ), the signature splitting increases, to about +50 keV at fiu) -  0.3
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MeV. Qualitatively, this is also consistent with a negative gamma deformation favoured by 
an i 13/2 neutron alignment (see Figure 5.8c).
If we follow the procedure adopted for 172Os and extrapolate the Routhians from 
below fio) = 0.15 MeV and from above fio) = 0.25 Mev, (justifiable if  the core moments of 
inertia in these regions are similar, section 9.2), the ground s-band crossing would occur at 
0.22 MeV as shown in Figure 6.2c.
With a deformation of €2=0.22, and the nominal pairing ( ie O ^ A ^  ), the CSM 
predicts an AB neutron crossing at 0.23 MeV with an alignment gain of 9.6/?, in good 
agreement with the extrapolated value. This value of the pairing is weaker however, than 
the value required for 171 Os ( A = A ^ ) but may be an effect of the subshell gap near N = 
98. This is discussed further in section 9.4.
If the higher frequency upbend is due to a neutron alignment, then the cause of the 
lower frequency upbend, again remains to be addressed. The alternative possibilities are 
discussed in the remaining chapters.
6.5.2 The i13l2 band
The favoured sequence (a=l) o f the i 13/2 band has a distinct upbend at 0.29 MeV 
with an alignment gain of «4/?, while the unfavoured sequence (a=-l) is less well defined but 
probably gains «3fi at a lower frequency, near 0.22 MeV. An obvious interpretation for 
these upbends is that they are the BC and AD crossings, respectively. Using the same 
pairing and deformation as was used in the analysis o f the 5/2“[523] band, the predicted 
frequency for the BC crossing is slightly higher than the observed frequency while the AD 
crossing frequency is overestimated by a large margin. Moreover, the BC crossing is 
predicted to occur at a lower frequency than the AD crossing, as is generally the case in 
conventional (fixed deformation and pairing) CSM calculations [BE86] and this is opposite 
to the experimental ordering. The predicted alignment gain is also considerably higher than 
experiment.
The A and B configurations will favour small deformations. In Figure 6.7, where 
calculated crossing frequencies are shown as a function of deformation, it can be seen that 
a small value o f e2 and negative gamma deformation bring the AD and BC crossings to
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nearly degenerate frequencies. Presumably for suitable deformations, the order may actually 
invert, but even with and 7=-10°, the GSM still overestimates the gain in aligned
angular momentum, by almost a factor of two.
A= 0.85A
Ä 0.25
Figure 6.7 Neutron band crossing frequencies in ^ 3Os calculated using the CSM.
(a) Neutron crossing frequencies for 7 -  -10° (dotted curve), 7 = 0° (solid curve), 7 = +10° (dashed curve) as a 
function of the pairing gap parameter A. The deformation has been fixed at e2 “ 0-22. (b) neutron crossing 
frequencies as a function of deformation e2. The pairing gap parameter has been fixed at 0.85 A ^ . The horizontal
solid lines represent experimental crossing frequencies.
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This kind of effect is not unique to 173Os; similar features appear in the i13/2 bands 
in heavier Os and Pt isotopes, for example, l77,l79Os [DR83], 175Os [FA90] and 181Pt [VO90]. 
They have not, in general, been explained.
6.6 174Os
Although 174Os, was not directly studied in this work, it nevertheless is relevant to 
understanding the behaviour of the neighbouring nuclei 173Os and 173Re. The N=98 nuclei 
and their odd-neutron neighbours are interesting because several different effects have been 
proposed to influence their bands, to account for the absence of backbends.
The suggestions include, reduced
pairing, due to the subshell gap at N=98
(section 5.4.1), causing an increase in the
moment of inertia ie CAP, CSM predictions
of a strong ground-AB interaction at N=98
[BE79], and the presence of a third band
such as shape coexistence, as in 176Pt
[DR86], proton alignment, as in 172W
[RA86] or a BCAD configuration [WE89].
In Figure 6.8, the alignment curve
of the yrast sequence o f 174Os, is shown.
Attempts to analyse this band are
complicated by the degree of subjectivity
in choosing the reference configuration. In
appearance, it is similar to the 5/2“[523]
band o f 173Os, intimating the presence of
three bands, with a crossing at low spin. _  D ..r  Figure 6.8 Aligned angular momentum and Routhian ys
rotational frequency for the yrast band of 
According to the B(M1)/B(E2) values 174os.(30 =i2M eV 1^ . 3 1 = i80MeV-3^4.)
deduced from the 5/2“[523] band in l73Os,
a proton alignment is unlikely, and the high frequency region is probably composed of 
aligned i 13/2 neutrons. The transition quadrupole moments for 1740s have been measured,
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and increase from 6.7 eb to about 8eb after the 2+ —► 0+ transition, supporting a low spin 
shape change, possibly due to a shape coexistence effect. By extrapolating the Routhians, 
the crossing frequency and gain in aligned angular momentum can be determined. Like 
173Os, these are reproduced by the CSM, if a weaker pairing (O ^ A ^ ) is invoked.
^  0-5
10
0-2 0 
hcj (MeV)
Figure 6.9 Net alignments and Routhians for bands in 1'73Re. 3 0 *= 33.3 T^MeV'1, -  76.1 ^M eV '3.
6.7 173Re
The alignment curves and Routhians of the N=98 isotone 173Re are shown in 
Figure 6.9. These bands are generally not known to as high a spin as they are in 171 Re, and 
only in the 1/2“[541] band is the total alignment gain determined. The crossing frequencies 
determined by extrapolating the Routhians, in the 9/2"[514] and 1/2~[541] bands, are
1 *7 1
identical to those of Re, and indicate neutron alignments.
127
The 5/2+[402] band appears to upbend earlier than the 9/2'[514] band. The crossing 
frequency, although uncertain because the band has not been determined to high 
frequencies, is much lower, at about 0.16 MeV, a value similar to that of the first upbend 
of the 5/2"[523] band of 173Os and the yrast sequence of l74Os. Therefore this is unlikely 
to be due to the AB neutron alignment.
All of the alignment curves of 173 Re (N=98) show & smooth upbending, characteristic 
of either a strong ground-AB interaction or CAP.
The B(M1)/B(E2) ratios for 173 Re are plotted in Figure 6.10. Those of the 9/2“[514] 
band have a similar value to their counterparts in 171 Re, before the backbend. The values 
in the 5/2+[402] band are low, comparable to those of 171 Re in the region of the upbend. 
This may imply a higher deformation in this band than in the 9/2“[514] band.
9/ 2” [514]
6 0
15/2 25/215/2 25/2
Figure 6.10 B(M1)/B(E2) ratios for the 5/2+[402] (left) and 9/2"[514] (right) bands in 173Re.
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6.8 Interim Summary
The CSM calculations were successful in describing the backbending phenomena in 
these nuclei in terms of neutron alignments. It appears, in 171 Re, that the core deformation 
might be triaxial, with a negative 7-deformation, and that for nuclei with N<97, the shape 
driving of a neutron alignment agrees with theoretical expectations of smaller deformations 
and positive 7 values.
The low-frequency upbends in the yrast bands of 172,174Os in l73Os and in the 
5/2+[402] bands of 171,173Re, however, are generally unexplained by the CSM and we shall 
therefore call them anomalous upbends and seek explanations that are outside of the scope
of the CSM.
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Before an explanation of the upbending phenomena based on shape-coexistence is 
considered in Chapters 8 and 9, we address alternative alignment mechanisms that are 
outside of the scope of the CSM as they rely on dynamic changes to deformation and pairing. 
We then also discuss proton alignments and other miscellaneous causes of mixing between 
bands.
7.1 Neutron alignment mechanisms - ground-BCAD crossing
7.1.1 The model
A complex neutron-alignment mechanism, considered for 180Pt [BE88], and 
specifically for 172Os [WE89], is that the BCAD configuration perturbs the ground-state 
band before it is crossed by the AB configuration as illustrated schematically in Figure 7.1a. 
For a given (fixed) deformation and pairing, CSM calculations do not predict this. They 
predict that the BCAD configuration should have more aligned angular momentum than the 
AB configuration, and therefore its Routhian should have a steeper gradient (on a plot of 
energy vs frequency). If this is the case, illustrated in Figure 7.1b, the AB configuration can 
never cross the BCAD configuration after a ground-BCAD crossing. However, it may be
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Figure 7.1 Bandcrossing scenarios involving the BCAD 
configuration as described in the text.
conceivable if the pairing and deformation 
associated with the AB and BCAD 
configurations is favourable. The 
calculations of section 5.4.2, imply that the 
BCAD configuration should drive the 
nucleus to smaller values of ^  and 
according to section 5.3, this implies 
higher values of aligned angular 
momentum than that of the AB 
configuration.
This effect may be offset if the 
pairing associated with the BCAD 
configuration is weaker, as this can reduce 
the aligned angular momentum (section 
5.3). Indeed in 154Gd [M089], bands that 
have been assigned to the BCAD 
configuration have less aligned angular 
momentum (9 ft) than the AB configuration 
(11/?). A reduced pairing would be
expected from the blocking caused by four 
quasiparticles, and in fact, the self-consistent calculations of Wells et al [WE89] were used 
in support of the possibility of pairing reductions in the crossing region. As we have seen, 
the AD and BC crossings occur within a small frequency interval near N=96, and the BCAD 
configuration was postulated to perturb the ground-state band before the AB crossing with 
a strong ground-BC interaction.
Clearly, a self-consistent treatment of the delicate interplay between deformation 
and pairing is required to test these ideas theoretically, but so far, due to computational 
difficulties, such calculations of Routhians have been unable to give quantitative agreement 
with experiment in the crossing region of 172Os.
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7.1.2 Comparison with experiment 
Even Nuclei
Wells et al [WE89] pointed out that the strength of ground-BCAD crossing is 
correlated with the BC crossing frequency. In this model, no ground-BCAD crossing is 
observed in 170Os, which has the highest BC crossing frequency, a reduction in crossing 
frequency sees tin anomaly appear in 172Os, and finally, in 174Os the BC crossing is at a still 
lower frequency, and a very strong interaction perturbs the ground-state band.
The BCAD configuration will be blocked when either the A or B configurations are 
occupied. This is the case in the negative-parity sidebands of the even nuclei. As we have 
seen, all of the features of these bands can be understood in terms of known effects and no 
anomalous upbends are observed.
Odd-neutron nuclei
The 5/2"[523] band of 171Os does not show an anomaly, mimicking the behaviour of 
170Os, while in 173Os, the 5/2“[523] band shows strong mixing reminiscent of l74Os.
In the i13/2 bands of the odd nuclei, the A and B configurations are also blocked. 
Anomalies are absent in 171Os, and if the BC and AD crossings are correctly identified in 
173Os, anomalies attributable to a complex alignment process are again absent, consistent 
with the model.
Odd-proton nuclei
In Figure 7.2 the alignment curves of the 5/2+[402], 9/2"[514] bands in 171,173Re and 
the yrast sequences of 172,174Os are directly compared. The relationship of the 9/2“[514] sind 
5/2+[402] bands in 173Re to the yrast sequence of 174Os resembles the relationship of these 
bands in 171Re, to the yrast sequence of 1720s. The 5/2+[402] bands mimic the behaviour 
of the yrast sequence of the neighbouring Os isotope, the 9/2_[514] bands do not.
IZiRe
The 5/2+[402] and 9/2"[514] bands are expected to have similar quadrupole 
deformations (Table 4.4) and gamma deformations (section 5.4.2), therefore, if the proton 
configuration does not influence neutron pairing, one would expect any alignment 
mechanism based on neutrons to affect both bands -  contrary to experiment (Figure 7.2). 
Within the model, this dilemma might be resolved by differences in neutron pairing between
132
_ •9/2~[514]i / i Re
0.10 0.15 0.20
Figure 73 . Comparison of net aligned angular momenta of the 5/2+ {402] and 9/2*[514] bands in 171»173Re with the 
yrast bands of their Os neighbours.
the two bands, although in this region, neutron and proton pairing are normally considered 
to be independent. This possibility, hinted at by the CSM (section 6.4.4), will be addressed 
in Chapter 9, but other evidence is available to test for the presence of a BCAD crossing.
The measured B(M1)/B(E2) ratios in the 5/2+[402] band in the region of the upbend, 
show a different trend compared to the predictions of Donau’s equation for a neutron 
alignment, when a constant Qq of 6eb is employed, suggesting an increasing ratio rather than 
a falling one, but different choices of parameters for the calculation could be made. For 
instance, the high predicted values could be compensated for by either an increase in Qq, (^2) 
or negative gamma. However, we have seen that a neutron alignment at N=96 favours
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smaller values of and favours positive gamma deformation (section 5.4.2). Such a 
deformation, would in particular, be favoured by the BCAD configuration. A representative 
calculation, for 7 = +15° is in very poor agreement. If an associated decrease in were also 
included, the discrepancy would widen.
IZiRe
While both the 5/2+[402] and 9/2"[514] band show the effect of strong mixing, the 
5/2+[402] band again upbends at a much lower frequency than the 9/2“[514] band, and 
exhibit the same problems the ground-BCAD crossings model encountered in 171 Re
7.2 Neutron alignment mechanisms - Prolate-triaxial shape change
7.2.1 The model
The second proposal, by Wyss et al
[WY90], has been applied to 178,180Os and
explains the alignment phenomena in these
nuclei (an upbending followed by a
backbend, Figure 7.3) as being caused by
two bandcrossings, the first with a band
composed of the AB configuration coupled
to a prolate core, the second, to the AB
configuration coupled to a triaxial core.
As the calculations presented in Alignment curves for the yrast bands of
178,iö0q s Upbend before they backbend.
+. ^  r  «. r . 30=24MeV*1^ 2,3. =85MeV~3/i4.section 5.4.2 attest, the alignment of i13/2 u 1
neutrons drives the nucleus to smaller values of and to a negative gamma deformation for 
N > 96. At smaller values of e2. the AB configuration has more aligned angular momentum, 
and therefore a steeper Routhian, than that for larger values of e^ . Wyss et al [WY90] 
suggest that the alignment process causes a shape change, from a prolate (vi^/2)2 
configuration to a triaxial (^i 13/2)2 configuration, implying two bandcrossings illustrated in 
Figure 7.4. A weak interaction associated with the second crossing is postulated, giving rise 
to the backbend in the alignment plots.
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A critical feature of this alignment
mechanism, is that it is the change in ^
not in 7, which implies a steeper Routhian
and hence a second bandcrossing. Thus,
although the calculations of section 5.4.2,
would imply that the AB neutron alignment
will drive the nucleus to a positive, rather
than a negative y  deformation in 170_172Os,
it may still be possible for a similar
interpretation to be made for these nuclei. Figure 7.4 The bands involved in the crossings proposed
by Wyss et al [WY90].
To test this model, self-consistent
calculations are required, but some general comments about the experimental evidence are 
made below.
7.22 Comparison with experiment
Osmium nuclei
In 172Os, the upbend may correspond to a crossing with the prolate s-band, while the 
backbend might be a crossing with a triaxial (in this case 7>0) s-band. The absence of a 
corresponding anomaly in 170Os, would imply that the ground state band was crossed only 
by the triaxial s-band. It is not clear why the prolate configuration would not be observed. 
Odd-proton nuclei
Difficulties that it may encounter are like those facing the mechanism of Wells et al 
[WE89] -  a low-spin alignment would be expected in both the 5/2+[402] and 9/2“[514] bands. 
The B(M1)/B(E2) values are less conclusive in this case, because if the upbend were assigned 
to a prolate configuration, it is not clear what its deformation would be and what effect it
ground-state 
band Prolate
s-band
triaxial
s-band
would have on the B(M1)/B(E2) ratios.
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73 Proton alignment
According to the CSM (and more sophisticated self-consistent calculations [WE89]), 
a low frequency proton alignment would necessitate a large reduction in proton pairing. In 
fact no proton alignments are predicted in 172Os by the CSM below fiw = 0.35 MeV even 
when the pairing is reduced by 50%.
However, experimental evidence has been presented that low-spin anomalies in 172W 
and 184Pt may be due to the alignment of protons, in [RA86],[RI87],[JA88], despite 
theoretical difficulties. Therefore, the possibility is considered here.
Due to the additivity of quasiparticle routhians, aligned angular momentum due to 
a proton alignment is ordinarily expected to add to that of the neutron alignment. On the 
assumption that the reference (or average field) does not change so as to invalidate 
additivity, a proton alignment can be excluded in 172Os and 171 Re, as the total alignment 
gains after the backbend are consistent with neutron alignments only. An h9/2 proton 
alignment would contribute an additional 5 to Ifi according to the CSM.
Although the B(M1)/B(E2) ratios in the upbending region of the 5/2+[402] band of 
171 Re is consistent with a proton alignment (Figure 6.4), they can also be explained by shape 
changes. The B(M1)/B(E2) ratios of the 5/2“[523] bands of 171,173Os are in poor agreement 
with proton alignments (Figure 4.5).
7.4 Apparent alignments due to AN=2 mixing, and rotation-vibration mixing
Alternatives that can cause mixing between different bands include Coriolis mixing, 
AN=2 mixing, and mixing due to ß and 7  vibrations.
In odd-nuclei, Coriolis mixing can cause certain levels from bands of different K 
values to repel one another. Examples of this are seen in the odd osmium isotopes, in 
Figure 4.4. The 7/2“ levels have been pushed down, producing a different phase in the 
oscillations compared to higher spins. This was tested in the particle-rotor calculations, but 
such mixing could not produce upbending as in 172Os. Usually, Coriolis mixing in a one-
quasiparticle basis is only able to produce an upbend if the unperturbed bands 
(corresponding to definite K), have different moments-of-inertia.
It is concievable however, that two 
bands with the same moment of inertia, but 
one with a bandhead beginning at a higher 
spin (say J2 ) and excitation energy than the 
other will interact and cause a depression in 
the energy of the state having spin J2 in the 
lower lying band, thus giving rise to an 
apparent alignment as shown in Figure 7.5.
This idea was tested when AN=2 
mixing between the l /2 +[660] and 
5/2+[402] bands was included in 171 Re. But 
it also failed to produce an upbend in the 
5/2+[402] band (see section 4.3.1).
In odd nuclei, states of mixed vibrational and one-quasiparticle character are known 
and in even nuclei, mixing is possible between the ground and ß  and 7 vibrational bands. 
Vibrational bands generally have similar moments-of-inertia to the ground-state band and 
therefore mixing is unlikely to produce an upbend. The 7-band mixes through AK=2 
interactions and therefore cannot produce the mutual repulsion of 0+ states.
Beta and 7 vibrational bands have not been observed near 172Os, and explicit 
calculations to include these states were not performed. However, in heavier osmium 
isotopes, where such states are known, the alignment curves show no anomalous alignments.
7.5 Comment
While they cannot all be completely ruled out, the models considered in this chapter 
face varying degrees of difficulty in accounting for the anomalous upbending phenomena, 
particularly in the odd-proton nuclei.
Figure 7.5 Mixing between two bands causing states with 
spin J2 to be depressed, giving rise to an apparent 
increase in alignment. Solid (dashed) lines are 
unperturbed (mixed) bands.
8. Shape Coexistence Model
We have seen that bandcrossing mechanisms based on alignments have unresolved 
difficulties in attempting to account for the anomalous upbends. As discussed in Chapter 
1, bandcrossings can occur that correspond to a change in shape, but are not associated with 
the alignment of particles.
Shape coexistence, as found near the Z=82 shell gap, has been the subject of 
numerous reviews (see eg [HE83],[HA85a]). Here, only a brief summary of selected 
experimental results and theoretical interpretations, relevant to understanding shape 
coexistence in Os or Re nuclei, is given.
Ground-state
bands
Deformed
bands
// x
I (1+1)h
Figure 8.1 Band crossings in Hg isotopes. Dotted line 180Hg [DR88],dot-dashed 182Hg [MA84], solid 1S4Hg [RU731, 
short dash 186Hg [PR73] and long-dash 188Hg [HA83].
While deformed O2 states in Pb isotopes [DU84a],[DU85] have been a relatively 
recent discovery, excited deformed bands have been established in Hg isotopes for some 
time, eg [B072],[PR73],[RU73]. In even-even Hg nuclei, bandcrossings between prolate and 
oblate structures are observed. This is illustrated in Figure 8.1, where the ground-state band 
of the Hg isotopes is crossed by a band with a higher moment of inertia. It is notable that
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the moment of inertia of the deformed band remains remarkably constant as a function of 
neutron number.
The excitation energy of the deformed configuration decreases with falling neutron 
number, minimising near N=102, to as low as 372 keV in 182Hg, before rising again [DR88].
The odd-proton neighbours of Hg, T1 and Au, also show shape coexistence (see for 
example, the reviews of [HA85a],[HE83]). In the T1 isotopes, weak coupling of h11/2 holes 
to spherical Pb cores and strong coupling of h9/2 particles to oblate Hg cores, occurs. As the 
h9/2 orbital resides above the Z=82 shell gap at sphericity, it is called an intruder when it 
is observed below the gap. The bandhead energy of the intruder minimizes near N=108, and 
like the deformed configuration in the Hg isotopes, the intruder maintains a nearly constant 
moment of inertia as a function of neutron number. By contrast, the h 11/2 configuration, 
behaves differently, with a nearly constant bandhead energy as a function of neutron 
number.
In the Au isotopes, the situation is slightly different. Here, the intruder h9/2 bands 
couple to Pt cores. With decreasing neutron number, the cores change from oblate triaxial 
shapes to prolate triaxial shapes near N=110. The h9/2 bands show a corresponding change 
in structure from strongly coupled to decoupled bands. The bandhead energy fails with 
decreasing neutron number, but the minimum has not yet been observed. On the other 
hand, the h11/2 bands couple to the oblate Hg cores, and behave in a fashion similar to the 
h9/2 bands in Tl.
The change of the Pt isotopes from oblate to prolate shapes at N=110, with 
decreasing neutron number, has been interpreted by Wood [W081], in a model that ascribes 
the prolate shape to an h9/2 proton intruder configuration. The involvement of h9/2 protons 
is plausible because of the low excitation energy of the h9/2 configurations in the odd Tl and 
Au nuclei.
Wood [W081] proposed that the analogues of the deformed prolate bands in the Hg 
isotopes, are the prolate ground-state bands of the neutron deficient Pt isotopes, as 
illustrated in Figure 8.2. Evidence for this proposition is in the moment-of-inertia 
parameters (A = f? /  1SS) derived from the energies of the 2+ to 0+ transitions of the mid 
neutron-shell Pt isotopes, which are significantly larger than those derived from higher spin
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transitions. Low energy (»500 keV) excited 0* states are known in Pt nuclei, and the large 
values of A were attributed to a depression of the ground state caused by the mutual 
repulsion of the (prolate) O^ state with the excited (oblate) 0+2 state. A similar effect is 
absent in Pt nuclei with N>110, in Os and nuclei with lower atomic numbers (see Figure 8.3).
a3
c
Lü
N
Figure 8.2 Schematic diagram adapted from [W0831, showing the excitation energy of the proton intruder 
configuration relative to the normal configuration in Hg and Pt isotopes as a function of neutron number.
The (;rh9/2)2 configuration was implicated in the ground state of even Pt isotopes,
by the reduction in the difference in energies between the corresponding 9/2“ states in
187Au, (186Pt(0+1)<8>;rh9/2 and 186Pt(0+2)(8>7ih9/2). This implied that the odd h9/2 proton
reduced the pairing correlations in the l86Pt ground state, suggesting a significant h9/2
component. For Pt isotopes with N>110, Wood postulated that the prolate configuration
becomes an excited state.
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Figure 8.3 From [W081]. Ground state band states in N - 106 isotones and the 0 j+ , and deformed band states in 
l8&Hg reiat,ive to 8+ states. The moment-of-inertia parameter A m fP"/2Sf is shown in brackets between the levels.
The behaviour of the bandhead energy of the deformed configuration in Hg, as a 
function of neutron number, and the oblate to prolate shapes change near N=110 in the Pt 
isotopes, can be understood at a microscopic level by considering the deformation driving 
T=0, proton-neutron interaction which is strongest for overlapping orbitals, those with 
similar n and 1 quantum numbers [SH53],[HE87]. In the region of interest, they are h 11/2 
protons, and neutrons in h9/2 and i13/2 orbitals. The intruder proton h9/2 orbital also has a 
good overlap with the h9/2 neutrons. The promotion of a pair of protons into the h9/2 orbital 
increases the number of valence protons, firstly by occupying the h9/2 orbital, and secondly, 
(in the case of Pt) by creating holes in the hlw2 orbital. Thus, it is associated with a stronger 
deformation driving force.
This force is expected to maximize near the middle of the neutron shell, (N=104) as 
it is here that the number of valence (particles or holes) neutrons is greatest, maximizing the
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integrated proton-neutron interaction [HE85],[HE87]. In midshell Pt nuclei, it must exceed 
the energy required to promote the protons across the Z=82 shell gap, for the intruder to 
become the ground state. On the edges of the neutron shell the p-n interaction decreases, 
increasing the excitation energy of the intruder configuration, as illustrated in Figure 8.2. 
In the Pt isotopes the intruder is proposed to change from being the ground state 
configuration to an excited configuration near N=110. Assuming symmetry about N=104, 
a similar change might be expected to occur near N=98 on the neutron deficient side of the 
shell. The recent study [DR86] of 176Pt, the lightest Pt isotope with a known level scheme, 
revealed a ground-state band of a structure consistent with a low-spin shape change. The 
interpretation was that the ground-state band had returned to the less deformed "normal" 
configuration, but was crossed at low spin by the more deformed intruder configuration, as 
demonstrated in Figure 8.4.
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Figure 8.4 Solid line : energy vs spin squared for the yrast band of 1/0Pt. Dotted lines: schematic representations
of the extension of the ground and deformed-intruder bands.
Dracoulis et al [DR86] also performed a phenomenological analysis of the systematics 
of the proposed intruder in Pt isotopes. They modelled the yrast sequences of the nuclei 
176Pt to 188Pt, below the AB crossing, with a basis of two bands, the normal, labelled ß < , and 
the intruder, labelled ß >, which interact at low spin. The unperturbed energies of the
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intruder, EU>(I) were obtained from a fit to the energies EX(I) of the to 14+ states with 
the expression
In each isotope except 180Pt, the energy of the (perturbed), excited 0+ state, Ep’(0) was 
known. Using that energy, the ground state energy Ep(0)=0, and the unperturbed energy 
Eu>(0), the interaction V between the unperturbed 0+ states was extracted via
Then taking V as spin independent, the unperturbed energies of the normal band EU<(I) 
were obtained from V,Ep(I) and EU>(I). The results of this analysis are shown in Figure 8.5, 
where A >,B,V,Eu>(0),Eu<(0) and the inertial parameter A<=(Eu<(2)-Eu<(0))/6 are plotted 
as a .function of N.
In accordance with the predictions of Wood [W083], the intruder configuration was 
found to fall below the normal configuration in the mid-shell isotopes, becoming an excited 
state by N=98. The assymetry about N= 104 was attributed to the effects o f neutron subshell 
structure, and due to the 7-softness for larger N, as indicated by TPE surface calculations, 
making the distinction between different shapes unlikely.
For osmium isotopes, the similarity of the moments of inertia for the transitions in 
the ground-state band as a function of spin, in 182Os, (Figure 8.3), led Wood to conclude that 
an analogous mixing between 0+ states does not occur in Os, and that the (^h9/2)2 
configuration does not play a role in their ground-state bands, but is presumably an excited 
configuration.
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Figure 8.5 Parameters deduced from the two band mixing analysis of [DR88a]. (The values of A< , Eu and V for 
180Pt are in parentheses because they assumed an excitation energy of 500 keV for the excited 0"r state.)
Despite Woods conclusions, the h9/2 intruder may be present in Os for a number of 
reasons. Firstly, it is possible that the effects of mixing (between configurations of different 
shapes) on the moments of inertia, are no longer observed because the less-deformed 
(normal) configuration is an excited state, at energies higher than those in the mid-shell Pt 
isotopes. (The location of excited 0+ states in neutron deficient Os isotopes is unknown.)
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Alternatively, if there are two distinct deformations in the osmium isotopes at similar 
excitation energies, we could anticipate that the difference in shape between them would be 
less pronounced than in Hg, or Pt. Therefore the effects are likely to be subtle.
Due to the increase in the number of p-n interactions the normal band would be 
expected to be more deformed in Os than in Pt. Thus, if the ground-state band, which has 
a prolate structure in mid-shell Os isotopes, is composed largely of the normal configuration, 
a crossing with an excited deformed band, would be delayed until higher spins, even if it 
had a low excitation energy, although the two bands might still mix significantly at all spins 
(see Figure 8.6). A crossing would be easily recognised if the normal configuration is 
significantly less deformed than the intruder, so long as the intruder remained at relatively 
low excitation. This may be expected to occur away from mid-shell, as in 176Pt, at N=98. 
Both the deformation of the normal band and the excitation energy of the intruder are 
governed by the neutron number (via the o-n interactions).
Assuming that the intruder excitation 
energy does not change significantly 
between Pt and Os, candidate osmium 
isotopes for bandcrossings based-on shape 
coexistence effects are those near N=98, 
namely near 174Os, including the lighter 
nuclei under investigation.
The p-n interaction is only 
indirectly included in the CSM via the 
average deformed field of the Nilsson 
potential. With the inclusion of BCS
Figure 8.6 Bottom: Two bands with similar moments of P ^ n n g ,  no  states are predicted, in an even 
inertia mixing over a large spin range. Top: the crossing
will be noticeable if the bands have substantially different nucleus at OJ -  0, by the CSM, with 
moments of inertia.
excitation energies below twice the value 
of the pairing gap parameter (ie 2A). Thus the CSM is unable to predict bandcrossings based 
on a deformed {nh9/2)o intruder configuration.
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Many theoretical approaches for calculating deformations and understanding shape 
coexistence exist, but a complete review of these is outside of the scope of this thesis. Here, 
only two methods, considered useful in the present discussion, are examined.
The first approach, that is generally successful throughout the periodic table, is to 
calculate the Total Potential Energy (TPE) (see eg [ST67],[ET72]) of the nucleus by adding 
shell Eshell and pairing Epair corrections, for both protons and neutrons, to the liquid drop 
energy ELD, as a function of the deformation parameters 4 and 7-
The shell corrections are obtained by summing the single particle energies ei} and 
then subtracting away the smoothly varying part of the summed single particle energies, 
<E>, as this part is given by ELD. Therefore
Eshell = I > r <E> (8 .3 )
This renormalisation, and the calculation of <E>, is known as the Strutinsky 
procedure [ST67]. The single particle energies e^ are usually calculated from a Nilsson or 
Woods-Saxon potential.
The pairing energy correction, in the BCS formalism, is given by
Epair -  E 2 * i O ? - D - A - G ( E ^ - E l ) <8 -4 >
i ^  i i
Further improvements on this basic formalism have been made, for instance TPE 
surfaces can be calculated as a function of rotational frequency (see eg [WE89]), but all are 
sensitive to the choice of potential and the potential parameters employed.
Bengtsson et al [BE87a], have recently calculated potential energy surfaces for Hg 
and Pt nuclei, using both Nilsson and Woods-Saxon potentials. Their calculations for the Pt 
isotopes, indicate prolate ground-state deformations for 98<N<108, and triaxial or oblate 
otherwise. Interestingly they predict that the triaxial ground-state band of l76Pt should 
become prolate with increasing rotational frequency, and this agrees with experimental 
findings. The calculations also indicate a substantial 7 th9/2 component in the prolate 
isotopes, agreeing with the conjecture of Wood [W081],[W083]. For the Hg isotopes, the 
behaviour of the prolate-oblate energy difference as a function of neutron number is well
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reproduced qualitatively. However, the magnitude is overestimated - the calculated value 
in 180Hg, using a Woods-Saxon potential, overestimates experiment by 400 KeV [DR88].
Total potential energy surfaces for 172Os do not show two minima for 60°>7>0°, nor 
substantial shape changes at low frequency [NA86],[NY88],[WE89].
However, given the possibility of errors as large as 400 keV, these calculations do 
not rule out shape-coexistence in Os. Further, if shape-coexistence depends sensitively on 
the location of the h9/2 intruder configuration, the fact that the Woods-Saxon potential 
overestimates the 1/2"[541] bandhead energy in 171 Re by * 200 keV (Chapter 4), might imply 
that the potential parameters are not sufficiently well determined for nuclei near 172Os.
The second approach [HE87], in a Shell Model framework, and appropriate near 
closed shells, is useful in elucidating the various nuclear interactions and the role they play 
in determining the intruder energy. A pair of protons is excited above a closed shell, into 
the intruder orbital and the neutrons take a BCS pair distribution. According to Heyde et 
al [HE87], the binding energy of the lowest intruder 0+ state can be written as
£ mtr<0 ') = ‘  ^pairing + ^  + A £Q (8 '5)
where e n^ and £yn are the proton single particle energies of the regular orbital and the 
intruder orbital in their respective shells. The remaining terms address the changes in 
interaction energies between the intruder and normal configuration.
The second term represents the change in the pairing energies of the two orbitals. 
The p-n interaction is decomposed into its monopole and quadrupole parts. The monopole 
interaction causes a variation in the proton single-particle energies, due to the filling of the 
neutron shell. The change in the monopole interaction AEM, for a BCS pair distribution of 
the neutrons with occupation amplitudes Vj is given by
A£^ - 2 ' £ a j v+ l ) v l m j v) - 'E ( j ' jv)] (8-6)
iv
where E(jffj v) denotes the spin averaged proton-neutron matrix element.
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The last term, the change in the quadrupole interaction, induces no shifts in single 
particle energies, but causes deformation. It can be written in terms of the number of 
neutron bosons N„ (or valence neutron pairs) in the simple form [HE87]
AEq - 4kN v (8.7)
where k is the quadrupole strength of the IBM-2 model.
The contributions of the various 
terms are shown in Figure 8.7 from 
[HE85] for the Z=82 region. Here, the 
largest changes in interaction energies arise 
from the pairing and quadrupole terms. In 
particular, the quadrupole interaction, via 
equation (8.7), is strongly sensitive to 
neutron number and maximizes near the 
middle of the neutron shell at N=104. The 
monopole term gives rise to a weaker 
contibution, but its behaviour modifies the 
neutron number at which the intruder 
excitation energy minimizes.
Heyde et al [HE87] obtained good agreement with the behaviour of the intruder 
excitation energy in the Pb isotopes, as a function of neutron number, but only after they 
took into account a subshell gap at N=114, by altering the way the number of neutron pairs 
are counted. This shifted the maximum interaction strength towards N = 98.
This formalism is not suitable for nuclei that are distant from the Z=82 shell closure, 
such as those under consideration, because no separation between filled and unfilled shells 
can be made, and protons as well as neutrons assume a BCS pairing distribution.
But, to estimate the bandhead energy of intruder configurations based on nh9/2 
excitations, in these nuclei, the following formalism is developed. The intruder 
configuration corresponds to the excitation of a quasiparticle from an initial orbital of
82  8 6  9 0  9 4  9 8  102 106 110 114 118 122  126
------ NEUTRON N U M B E R — —
Figure 8.7 From [HE85], Various contributions (see 
equation 8.5 and text) to the total energy (solid line) of the 
lowest 0+ intruder state in Pb.
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energy einit, to the ^h9/2 quasiparticle orbital with energy eh9/2. The excitation energy of 
the h9/2 intruder, relative to the normal configuration, is written as
The terms AP, AM and AQ denote the total differences in pairing, monopole and quadrupole 
interactions between the more deformed and normal configurations, for both types of 
nucleons.
In an odd-proton nucleus, the best estimate of eh9/2 would come from the excitation 
energy of the 1/2"[541] configuration. Since the 1/2“[541] band is already more deformed 
than the normal configurations, eg h11/2 or d5/2 (see section 5.4.2), the 1/2"[541] bandhead 
energy includes part of the energies AP,AM and AQ. Thus the excitation energy of the 
intruder should be sensitive to the bandhead energy of the 1/2“[541] configuration.
Also, to make comparisons (albeit crude) of the excitation energy of the intruder, 
relative to bands based on different configurations in an odd-proton nucleus, it will not be 
necessary to explicitly calculate the terms AP,AM and AQ.
For example, corresponding particle and quasiparticle (h9/2)2 excitations, creating 
the deformed intruder configuration, associated with the 5/2+[402] and 9/2"[514] bands in 
the Re isotopes, are shown in Figure 8.8. The quasiparticle energies of the 9/2“[514] and 
5/2+[402] configurations are ehn/2 and eds/2. The excitation energy of the intruder 
bandhead, relative to the normal bandhead, will be:
E  = 2(% /2 + emit) + AP + AM + AQ (8 .8)
E \ = 2 (eh9/2 + eh11/2) + A F 1 + A M l + A 0 l (8.9)
for the 5/2+[402] band and
E 2 ~  2 (eh9/2 + e d5/2) + A P 2 +  A M 2 +  A 0 2 ( 8 . 10)
for the 9/2 [514] band.
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Figure 8.8 Schematic diagrams showing proton excitations into the intruder configurations, (a) Particle excitations 
with respect to the (9/2*1514]) orbital, (b) Particle excitations with respect to the d ^ 2 (5 /2+ ]502]) orbitaL 
(c),(d) The corresponding excitations in a quasiparticle framework; e  ^ -eh9/2 eh ll/2  are t i^e ener8ies ° f  the 
quasiparticle orbitals. 5/ 2^
If it is assumed that the sum of the last three terms are approximately equal for both bands, 
then the excitation energy of the bandhead of the intruder associated with the 9/2~[514] is 
given by
£ r E l *  2 (ed 5 /2 -% l/2 >  ( 9 M )
Thus the intruder bandhead energy will vary, depending on the energy separation 
of the 5/2^[402] and 9/2- [514] quasiparticle orbitals. This provides a mechanism for 
bandcrossings to perturb the 9/2~[514] and 5/2^[402] bands at different excitation energies 
and to give rise to differences in their alignment curves.
Whether the observed bandcrossing anomalies are consistent with this simple picture, 
will be tested in the next chapter by determining the intruder-bandhead energies.
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The difficulties associated with calculating shape changes or excitation energies, 
associated with either particle alignments or deformed-intruder configurations such as 
(jih9/ 2)o were discussed in Chapter 7 and 8.
Here, an alternative approach is taken. A phenomenological analysis based on the 
assumption of shape coexistence is pursued using a three-band model. This allows 
determination of the bandhead energies of the proposed intruder configuration, to be 
compared with equations (8.8) and (8.11), and the determination of other quantities such as 
the pairing gap parameter.
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After examining the nuclei presently under investigation , the systematics of shape 
coexistence, pairing and alternative models based on complex neutron-alignment 
mechanisms are also discussed.
9.1 Three band mixing - the model
The two-band model used by Dracoulis et al [DR86] (Chapter 8) was extended to 
include three unperturbed bands, labelled g,s, and d for the ground, aligned i13/2 neutron, 
and deformed-intruder bands. They were each parameterised using the VMI model, 
outlined in section 4.1.4, but with the core angular momentum quantum number R, replaced 
by
R « /(/+1)2-K 2) - i ~ l  (9,1)
Thus both the K value of a band and its aligned angular momentum i, were taken 
into account, in an approximate manner. Added to the energies given by the VMI 
expression (4.10), were unperturbed bandhead energies ^ (g ^ E ^ s)  and Eg(d). Therefore the 
parameters of each band were the bandhead energy Eg, the VMI parameters C,Sg, and the 
angular momenta i and K.
The bands were assumed to interact via the spin independent interactions Vgs,Vgd 
and Vsd. For each spin, a 3><3 matrix comprised of the unperturbed energies, and the 
interactions, was diagonalized yielding the energies of three mixed bands.
A cornerstone of the shape coexistence model is that the configuration causing 
shape-coexistence does not involve the alignment of particles. Therefore, the aligned 
angular momentum of the d-band was fixed to that of the g-band (equal to zero for the case 
of the yrast band of an even nucleus).
To test the model, the energies of states in the yrast mixed band were fitted to those 
of the experimental bands to see if it could describe the upbending phenomena.
However, with 17 remaining parameters, further constraints are required. In the 
analysis of [DR86], for N<108, the value of V and the inertial parameters of the intruder 
band, as a function of neutron number, were found to be remarkably constant (see
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Figure 8.5). Moreover the inertial parameters did not vary appreciably with atomic number, 
as they were similar to those deduced for the normal and intruder configurations in Hg, of 
A « 14 and 55 keV [K075]. In view of the constant behaviour of the inertial parameters 
with N and Z, the VMI (inertial) parameters of the d-band, were fixed from those deduced 
for Pt.
Normally, K and i were constrained as follows. For the even-even nuclei the yrast 
band was taken to have K=0 while for odd-nuclei, the K values of the unperturbed bands, 
were estimated from the particle-rotor calculations, or set equal to the spin of the 
experimental bandhead.
In an even-even nucleus, only the aligned s-band was allowed non-zero aligned 
angular momentum. The aligned angular momentum was fixed from experiment or from 
the predictions of the CSM. In a strongly coupled band, i is not a good quantum number, 
but its expectation value can be estimated using either the experimental or calculated (CSM) 
quasiparticle Routhians, or the equation
<i2> = *[/(/+0-K 2] (9*2)
Because the excited 0+ states are unknown in light Os nuclei, the interaction strength 
between the ground and intruder band was initially fitted, with starting values similar to 
those used in the Pt isotopes.
9.2 Nuclei near N=96
9.2.1 Os isotopes
Firstly the isotopes presently under investigation, near N=96 are examined, before 
systematics across the range of osmium isotopes are explored. The parameters employed in 
the fits are listed in Table 9.1, those preceded by the symbol "s" were fixed, the others 
varied. The VMI parameters of the d-band, fixed at values derived from the inertial 
parameters deduced [DR86] for the intruder in the Pt isotopes, are SSq = 3.3xlCT2 keV3 and 
C = 2.91xl06 keV3. This corresponds to a quadrupole moment of roughly 8 eb (section 4.1.4) 
or a deformation e2 “ 0.25.
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Table 9.1
Parameters3) of three-band m ix in g  analysis near NI ■» 96.
band 3 0 C i K E0 Vgs v gd Vds
xlO'2 xlO6^ f l f l keV keV keV keV
keV3 keV3
170Os
g 0.8 4.01 •0.0 ■0.0 27 29 181 29
d -3.3 ■2.91 ■0.0 ■0.0 1238
s 1.5 6.57 ■11.0 ■0.0 2895
171 Os 5/2"[523]
g 1.0 3.16 ■2.0 -2.5 64 ■29 -181.0 -29
d -3.3 ■2.91 ■2.0 ■2.5 753
s 0.9 3.71 ■13.0 ■2.5 2368
i13/2
g 1.1 4.46 ■6.0 ■2.3 206. ■29. -181. ■29
d -3.3 ■2.91 ■5.0 ■2.3 1112
s 0.7 3.45 ■15.0 -2.3 2750
1720 s
g 0.9 2.64 -0.0 ■0.0 48 29 181 29
d -3.3 -2.91 ■0.0 ■0.0 683
s 1.3 3.74 ■10.5 ■0.0 2627
171 Re 5 /2 + [402]
g 1.1 3.07 ■ 1.0 ■2.5 109 ■29 -181 -29
d ■3.3 ■2.91 ■1.0 ■2.5 505
s 1.3 3.94 10.8 ■2.5 1907
9/2'[514] t
g 1.1 2.10 ■2 ■4.5 16 155
s 1.4 4.63 ■13.2 ■4.5 2611
173Os 5/2'[523]
g 1.1 3.97 1.9 ■2.4 154 -29.0 -181.3 ■29
d 4.1 -2.91 1-2 ■2.4 320
s 1.3 2.97 ■11.0 -2.4 1918
i13/2
g 1.3 3.75 ■6.0 ■1.9 205 ■181
d 1.2 -2.91 ■4.5 ■1.9 502
*13/2 (a “~0
g 1.2 2.10 ■4.5 ■2.6 235 ■181
d 3.2 3.26 ■3.5 ■2.6 411
a) Values preceded by " ■ " were fixed during fitting.
The yrast bands of l70,172Os were fitted, varying only the VMI parameters of the g 
and s bands, the bandhead energies, and the interaction strengths. The goodness of fit can 
be seen in Figure 9.1, where the more sensitive plots of aligned angular momenta are shown. 
For 172Os, the yrast band, and in particular the upbend, are described quite well by the 
model. It is evident that the yrast sequence cannot be reproduced with only two bands, but 
not so for 170Os. A representative two band fit is also shown, which, although adequate, 
does not describe the region of proposed mixing, near 0.3 MeV, in detail. The (unperturbed) 
bandhead energies of the d-band, relative to the g-band (E0(d)-E0(g)) of 1211 and 635 keV 
for l70Os and 172Os, respectively, decrease as mid-shell is approached, qualitatively agreeing
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Figure 9.1 Alignmentt of the yrast bands of 170*1'r2Os (dots) compared with three-band mixing calculations (solid 
line). Dotted line -  a two band fit for 170Os.
with the expectations of the shape-coexistence model. The interaction energy Vgd is found 
to be similar to that deduced for the Pt isotopes, further supporting the model. The large 
interaction, explains in part, why the bandcrossing produces an upbend, not a backbend. 
The small interaction energy Vgs qualitatively agrees with the CSM and gives rise to a 
backbend.
Fits for the odd osmium isotopes are shown in Figure 9.2. Since the interaction 
energies determined for both even osmium isotopes were identical, they were fixed at those 
values for the odd cases. For 17^ s ,  the bands can be Fitted quite well with only two bands, 
the g and s-bands.
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Figure 9.2 Three-band mixing calculations (solid line) for 1730s (top) and 1^1Os (bottom). Dotted line -  two band 
fit. three band fits and the dotted lines the results of the two band fits. Other symbols as in Figure 6.2.
If the deformed band is included a slightly better fit is obtained, as can be seen in 
Figure 9.2. The VMI parameters of the g and s-bands (in the three band fit) were similar 
to those found above, while for the d-band, the same VMI parameters were used
In the 5/2“[523] band of 173Os, two bands will not reproduce experiment. With three 
bands, the parameters of the g and s bands are again similar to the lighter nuclei, but to 
obtain an optimum fit, the parameter of the d-bands in 173Os had to be changed from the
value used in the lighter nuclei. In the 5/2'[523] band, this is not surprising since the fit 
involves the d-band over a greater range of spins and is therefore more sensitive to the band
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parameters, than was the case in the lighter nuclei. The value of 30 for the d-band is still 
rather large and this is in common with other N = 98 nuclei and their odd-neighbours.
The upbends, in the favoured and unfavoured i 13/2 bands of l73Os, possibly the BC 
and AD alignments as discussed in Chapter 6, alternatively could be fitted extremely well 
without the inclusion of the s-band and only slight changes to the d-band parameters from 
the 172Os values. The two signatures were fitted separately but the bandhead energy of the 
intruder differed by 150 keV between the two signatures. If these upbends are shape 
coexistence effects, one might ask -  where are the BC and AD crossings ? The d-band 
parameters correspond to a deformation of ^  “ 0.25. If the s-band (comprising the ABC or 
ABD quasiparticles) is coupled to the deformed configuration, the BC crossing would not 
be expected until a rotational frequency of about 0.35 MeV, the AD crossing at even higher 
frequencies (see Figure 6.7b), higher than presently determined.
Finally, the fitted bandhead energies of the purported d-band (Eo(d)-Eo(g)) in the 
nuclei 170Os to 173Os, show a consistent decline with increasing neutron number, broadly in 
accord with the expectations of a decreasing intruder energy as midshell is approached. 
Thus in 170,171Os, the higher excitation energy of the intruder causes only a small, perhaps 
negligible effect on their alignment curves, while in 172,173Os the converse occurs. The 
intruder excitation energy in the negative parity bands is generally lower than that of the 
positive parity i13/2 bands, although for 173Os, the cause of the upbends in the i13/2 band is 
not established.
9.2.2 Three-band mixing calculations for 171,173Re
IZiRe
If the upbends in the 5/2+[402] and l/2 +[411] bands of 171Re are due to a crossing 
with a more deformed configuration, based on a (;rh9/2)o excitation, as has been suggested 
for the origin of the deformed bands in Pt and Hg nuclei, the absence of comparable 
upbends in the other bands must be explained.
The absence of an anomaly in the 1/2"[541] band supports the view that the 
deformed band is based on an h9/2 proton excitation, as it would be blocked. However, this 
is not conclusive, as a crossing of this band with a more deformed band would not occur
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until higher spins, as the 1/2"[541] band 
itself is expected to have a larger 
deformation.
In Figure 7.2 where the alignment 
curves of the 5/2+[402], 9/2"[514] bands in 
171,173 th e  y rast  sequences of
172,174Os were compared, we have already 
noted that the 5/2+[402] band mimics the 
behaviour of yrast sequence of the 
neighbouring Os isotope, with a low spin 
upbend, but that the 9/2“[514] bands do 
not.
• experiment
—- 2 band fit
— 3 band fit
Figure 9.3 The result of band mixing calculations for the 
5/2+1402] band o f171 Re.
Equation (8.11), reproduced here for convenience, relates the intruder excitation 
energy associated with the 5/2+[402] band to that of the 9/2“[514] band
E 2 =  E l  +  2< % /2  -  < 9 ’ 3 >
Experimentally only a limit of > 42 keV was obtained for the quantity ed$/2 -  eh 11/2’ T h e 
calculations of [NA90] (Table 4.4) indicate a separation of 204 keV, implying that E2 = Ej 
+ 408 keV. The absence of an upbend in the 9/2“[514] band may be the result of such an 
energy difference.
Fits to the 5/2+[402] band, are illustrated in Figure 9.3. The three-band Fit, which 
employs the same interactions and d-band VMI parameters as for the even Os isotopes, gives 
a much better agreement than the two-band Fit. The g and s band parameters axe similar 
to that found for its isotone 172Os, as is the excitation energy of the d-band, E2 = E0(d)- 
Eq(s) = 396 keV.
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Substituting the fitted value for Ej and the calculations of [NA90] for ed5/2 _eh11/2 » 
into (9.3), one obtains E2=800 keV. As implied above, the 9/2“[514] band can be reproduced 
without the inclusion of the d-band, which would disturb the 9/2~[514] band if its excitation 
energy were below about 800 keV, and a weaker value of Vgd is used.
Given the crudity of equation (9.3), particularly in the assumption that the sum of 
the AM, AQ and AP terms of equations (8.9) and (8.10) are equal, the agreement between the 
estimated value of E2 and the lower limit implied by the absence of the anomaly, is 
satisfactory, although worthy of further experimental pursuit.
The B(M1)/B(E2) values for the 5/2+[402] band were also calculated using the mixed 
wavefunctions of this analysis, by setting the quadrupole moment Qq, of the intruder band 
to be 8 eb compared to 6 eb for the normal configuration. The result, in the region o f the 
upbend, shown in Figure 6.4, is in good agreement with the fall in experimental values, 
supporting the possibility of mixing with the intruder band.
IZiRe
The 5 /2+[402] and 9/2“[514] bands in 173 Re were not determined to high enough 
spins to allow fits to be made to these bands with confidence. However, some qualitative 
comments are made.
As in 171 Re, no anomalies are seen in the 1/2~£541] band, supporting the d-band 
configuration based on a h9/2 excitation.
A lower intruder excitation energy near N=98 is suggested by the low spin upbends 
in the 5 /2 +[402] band, the yrast sequence of 174Os and in the 5/2"[523] band of 173Os. 
Furthermore, the B(M1)/B(E2) ratios of the 5/2+[402] band in 173 Re are comparable to those 
in the region of the upbend in 171 Re, suggesting a similar (large) deformation.
These observations are qualitatively consistent with the shape-coexistence model. 
The Woods-Saxon calculations [NA90] of bandhead energies in 173Re (section 9.3.1, 
Figure 9.4) predict a lower bandhead energy of the 1/2“[541] orbital in 173Re than in 171 Re, 
implying a lower intruder excitation energy, according to equation (8.8). Thus the 5/2+[402] 
band in 173Re should upbend earlier than it does in 171 Re. The difference in energy 
between the 5 /2+[402] and 9/2“[514] bandheads is predicted to be about lOOkeV, again 
implying that the intruder associated with the 9/2- [514] band would lie at a higher excitation
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energy relative to that associated with the 5/2+[402] band. Hence according to the model 
upbending does not occur at as low a frequency in the 9/2“[514] band as in the 5/2+[402] 
band.
9 3  Systematics as a function of neutron number
The shape-coexistence model cannot be considered a valid explanation for the 
anomalous upbends in the N=96 region, without also being consistent with the behaviour of 
heavier osmium and rhenium nuclei. We therefore examine the bandcrossing systematics of 
these nuclei. They are also compared with the expectations of the competing theories based 
on alignments.
9.3.1 Even osmium isotopes and odd-proton neighbours
The alignment curves of the yrast sequences of the even isotopes 172Os to 182Os are 
displayed in Figure 9.4. The similarity of the yrast sequence of 174Os to the 5/2"[523] band 
of l73Os has already been noted. From l74Os onwards, with increasing neutron number, it 
appears as if the band causing the low spin upbend in l74Os persists, rising in excitation 
energy until 182Os, where there is no longer any evidence of an upbend.
The alignment curves of the known Re isotones are also shown in Figure 9.4. The 
relationship of 171 Re and 173Re to *72Os and *74Os has also been discussed -  the 5/2+[402] 
band mimics the behaviour of the yrast sequence of the even Os isotone. The absence of an 
upbend in the 9/2“[514] band was attributed to the difference in energy between the 
5/2+[402] and 9/2~[514] bandheads.
Figure 9.4 Alignment curves for 172-182Os and their odd-proton Re neighbours. The bottom 
frame shows experimental (theoretical) [NA90] bandhead energies connected by dashed (dotted) 
lines. Particle states are given a positive energy, hole states a negative energy. Energies of states 
in parenthesis are speculative. Reference parameters and data for 176Os 30=18, 3^ = 150 [DR82]; 
178-180Os 3q=24, 3 j*85 [DR82],[DR90a]; 182Os 3o=25, 3 ^55  [FA82]; 177-179Re 30=25, 3j=91 
[WA86],[VE89]; 181Re 30=25 M eV'1^ ,  3 ^55  M eV 3fi4 [NE76].
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In 177 Re, the 5/2+[402] band begins to upbend slightly earlier than the 9/2“[514] 
band. It gains about 4fi before a second alignment appears to begin, but this behaviour 
depends on the location of top three levels in the band. For three of the Five transitions 
decaying from these levels, placed in 177Re by Walus et al [WA86], intensities could not be 
given, other than to say they were ’weak’. Walus et al interpreted the upbends as due to the 
AB neutron alignment. This is consistent with the AB neutron alignments of these bands in 
171 Re, the AB crossing occurring earlier in the 5/2+[402] band than in the 9/2"[514] band 
(see Figure 6.3). At this point we note the similarity of these bands to the upbending region 
of the yrast band of 178Os ( f i w  < 0.3 MeV). They are not determined to high enough 
frequencies to observe a corresponding backbend.
The data for 179Re is from [VE89]. Both deformation aligned bands begin to upbend 
at nearly the same frequency, and bandcrossings attributable to a shape coexistence effect 
are not visible. (The second alignment process which might be occurring in the 5/2+[402] 
band is at too high an excitation to be explained by the shape coexistence model, but the 
transitions taking part in it are also very weak [VE89]). This is comparable to 180Os (data 
from [DR90a]), which only shows a small upbend before a backbend.
The data for 181 Re do not extend to high spins, but there are no differences between 
the bands and the apparent start of the AB neutron alignment. Like its Os isotone, no sign 
of a low-spin bandcrossing is visible.
Notice that low-frequency upbends are never observed in the 1/2~[541] bands of 
these nuclei, consistent with the model, as the h9/2 orbital is blocked.
Calculated [NA90], and experimental bandhead energies are also plotted below the 
alignment curves. As we have seen in section 4.3.2 the calculated values overestimate the 
energy of the 1/2“[541] orbital by at least 200 keV in 171 Re. Judging by the intensity of the 
1/2“[541] band compared to the 9/2“[514] band in 173Re, relative to those bands in 171 Re (see 
Figure 3.21 and Figure 3.24), it appears that its energy is still lower in l73Re. In 177Re, it 
has been estimated to be no higher than 82 keV [WA86], while the level scheme o f 175Re has 
not been reported. Thus one might speculate that the actual behaviour of the 1/2“[541] 
bandhead energy, and therefore the (h9/2)2 intruder, as a function of neutron number, might
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minimize nearer N=98 or 100, as illustrated in Figure 9.4. This would explain the low-spin 
occurrence of an upbend in the 5/2+[402] band of 173Re.
For neutron numbers in the range 100 to 104, the bandhead energies of the 5/2+[402] 
and 9/2"[514] bands differ very little in energy. Thus, according to the model, (equation 
(9.3)), both bands should show similar bandcrossing behaviour, in contrast to N<100, and 
this is indeed the case.
The absence of upbends in the 5/2+[402] and 9/2"[514] bands of 179Re and the small 
upbend in 180Os may imply that the crossing with the intruder has been delayed to higher 
spins, despite its low excitation energy, because both normal and intruder bands have similar 
deformation, as is illustrated in Figure 8.6 (bottom).
In 181Re, the 1/2"[541] band jumps relatively suddenly to a high (experimental) 
excitation energy, 432 keV relative to the ground state. Thus the 2eh9/2 term alone, in 
equation (8.8) of the intruder bandhead energy, would be of the order of 900 keV and the 
intruder would not be expected to be observed in this nucleus or in 182Os, in agreement with 
experiment.
Having followed the systematics of their odd-proton Re isotones, the behaviour of 
the Os nuclei is readily interpreted in the same model. Essentially, the upbends in the Os 
and Re isotopes occur whenever the 1/2"[541] band is at low excitation energy. When it is 
at high energies, for N>104 and N<96, upbending is absent.
The heavier odd-proton neighbours of the Os isotopes are the Ir nuclei. The 9/2" 
[514] and 5/2+[402] bands in these nuclei should be hole states. By inspection of the Nilsson 
diagram for protons (Figure 3.20) near « 0.2 to 0.25 it is evident that compared to the Re 
nuclei, the extra two protons will go into the 11/2"[505] or 1/2"[541] orbitals. Therefore the 
intruder associated with the 9/2"[514] and 5/2+[402] bands would be expected to be at a low 
excitation energy in these nuclei, as it would be formed by moving protons from the 11/2" 
[505] orbital into the 1/2"[541] orbital as shown in Figure 9.5. Of course, in the real nucleus 
the actual energies of the ll/2"[505] and 1/2"[541] orbitals are unknown, and the Nilsson 
orbitals are mixed, but we would expect to see an increase in the h9/2 component of the 
wavefunction as the intruder crossed the 9/2"[514] and 5/2+[402] bands.
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Figure 9.5 Proton single particle excitations from the "normal" to the intruder configuration associated with the 
5 /2 + [402] band (left) and the 9/2'(514] band in lr isotopes.
Preliminary data [JI89],[DR90c] for 175,177,179,181^  with the model -  low spin
upbends in both the 9/2~[514] and 5/2^[402] bands have been observed.
9.3.2 Odd osmium isotopes
Finally in Figure 9.6, the odd neutron isotopes are plotted. Generally, the negative 
parity bands follow the behaviour of the yrast bands of the neighbouring even nuclei. In 
the i 13/2 bands, upbends are not seen at low frequencies (fiw < 0.25MeV for N > 98). Those 
that are observed could be accounted for by a crossing with the deformed intruder, as was 
shown in 173Os, for example, although it still remains possible that they are the BC and AD 
crossings, although, as in 173Os, there is an inversion of the expected ordering.
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If the latter were the correct interpretation, the problem for the shape coexistence 
model, would be to explain the absence of bandcrossings associated with the intruder nh9/2 
configuration. Part of the reason might be that for N < 104 the i13/2 quasiparticles drive 
towards small values of e2 (see Figure 5.6) -  opposing the intruder. Therefore the nuclear 
deformation will depend sensitively on the magnitude of these conflicting forces. The effect 
of »'i 13/2 configuration may also be to raise the energy of the 1/2"[541] orbital (eh9/2)» ^  this 
increases with decreasing deformation (see Figure 5.5), thereby further raising the energy 
of the intruder (equation (8.8)).
In contrast, the energies of negative parity j>f7/2 and vh9/2 orbitals do not vary as 
strongly with £7* and would have a smaller effect on the nuclear deformation. They might 
also be expected to have a stronger overlap with 7ih9/2 and Tihj 1/2 orbitals, increasing the p-n 
interaction strength and thereby lowering intruder energies.
9.3.3 d-band systematics of lower-Z nuclei and shape coexistence
The behaviour of the yrast sequences of lighter even nuclei is shown in Figure 9.7 
and in Figure 9.8 for the W and Hf isotopes. Although a detailed analysis of these nuclei 
will not be pursued in this work, some comments are pertinent.
In Figure 9.7, the energies of the ground state bands, relative to the 10+ state are 
compared for Pt,Os,W and Hf nuclei for 90 < N < 106. All of the Pt isotopes look the same, 
because 176Pt (N=98), already changes at low-spin. It begins with a small moment of inertia 
at low spin, but intercepts the locus of bands formed by isotopes with N > 98 at spin 2+, 
where the moment of inertia increases. For Os, bands above N = 98, all show a similar 
behaviour, implying they also have similar moment of inertias. In 172Os, (N = 96) the 
ground state band intercepts the locus of bands formed by isotopes with N > 96 near spin 
6+ -  where the upbend occurs. Both of these bandcrossings (176Pt, 172Os) were attributed 
to a shape coexistence effect. Clearly the proposed intruder configurations in Pt and Os 
have moments of inertia the comparable to the ground state bands of nuclei with N > 98, 
suggesting that the ground bands of these isotopes (N > 98) have large components of the 
intruder configuration.
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Figure 9.7 Excitation energies of states in Pt.Os.W and Hf yrast bands vs spin, relative to 10‘r states. Data for Pt 
from [DR86],[VO90a]; W [DR78a].[DR79al,[DR84al,[RE85]. Hf
In the W and Hf isotopes, below N=98, the moment of inertia differs markedly 
between isotopes. By contrast, for N>96 the ground bands have similar, large moment of 
inertias. This can be explained if the intruder becomes yrast above N=96.
The alignment curves (Figure 9.8) broadly follow the behaviour of their Os isotones. 
Below N = 98 backbending attributed to the i13/2 neutron alignment, occurs, but there are 
no distinctive low-spin bandcrossings that could be attributed to a shape change.
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A large upbend occurs at N = 98, which is often associated with a strong ground-AB 
interaction, but could be due to the presence of a third, strongly interacting band, (eg 
deformed intruder) or CAP (reduced pairing) or a combination of these effects. Above N 
= 98 the bands are not always known to high spin, but roughly resemble the behaviour of 
their osmium isotones.
To see if the the general lack of obvious signs of mixing with an intruder in 
Figure 9.8 is consistent with the model, the three-band mixing analysis (with fixed d-band 
parameters) has been applied to 170W (N=96) in Figure 9.9. The Fitted d-bandhead energies 
are very similar to those fitted in 172Os. .A comparison of the Fitted VMI 8 q parameter of 
170W, 1.7xl0"2 keV3, with that of 172Os, 0.9xl0-2 keV3 indicates that 170Wis more deformed 
than its Os isotone. Therefore we could conclude that upbending is absent because the 
ground-intruder crossing is delayed to higher spins, due to the higher g-band deformation 
of the W and Hf isotones. In other words, the deformation of the g and d-bands are no 
longer as distinct. r
unperturbed bands 
yrast mixed band 
data
Figure 9.9 The three-band model applied to ^°W .
If the intruder is yrast above N=96, corresponding low excitation energies of the 1/2" 
[541] orbital would be expected. Both theoretical [NA90] and experimental 1/2"[541] 
bandhead energies of neighbouring odd-proton isotopes are plotted in Figure 9.10.
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The experimental energies minimize near N=100. Indeed the ground state band for 
N= 100,102 is the 1/2“[541] band. The calculated values generally minimize at larger neutron 
numbers than the experimental values, consistent with the speculation of section 9.3.1, where 
the experimental values for Re also implied that the 1/2“[541] orbital might minimize at a 
lower value of N than the theory predicted.
The low excitation energy of the l/2“[541] proton orbital in neighbouring odd nuclei 
is consistent with a low-lying deformed-intruder band in the W and Hf nuclei, for N>96.
9.3.4 Osmium d-bandhead energies as a function o f neutron number
The heavier osmium isotopes were fitted in order to check the d-band systematics 
and to determine the pairing gap parameter in these nuclei.
h a  (MeV]h a  (MeV]h a  [MeV]
Figure 9.11 Three band mixing fits to 174"180Os. Solid line is the fit to the data (dots).
With the exception of 174,182Os, the interaction strengths and d-band parameters 
were fixed at the values used for 172Os. The results of the fits are shown in Figure 9.11; 
good agreement has been obtained. For 174Os, a good fit could not be achieved without 
increasing Vds. This is justifiable because of the strong interactions predicted by the CSM 
near N=98. For 182Os, the lack of an upbend meant that a reliable fit of the intruder 
bandhead could not be achieved. A lower limit of for the intruder bandhead energy of 
about 400 keV is estimated.
The validity of the fitted VMI parameters can tested by examining the behaviour of 
the moment inertia parameter $$0, and the softness parameter a= 1/$q3C. These are known 
to vary as smooth functions of NpNn where Nn(p) is the number of valence neutrons(protons)
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Figure 9.12 VMI parameters deduced for 170*180Os vs NpNn. Left, the softness a % right Solid lines are best fits.
[B087],[B088]. The values of and o’ are plotted as a function of NpNn in Figure 9.12. 
The fitted VMI parameters of the g-band also vary smoothly.
The bandhead energies of the d-band (Eo(d)-Eg(g)) are plotted in Figure 9.13. Broad 
agreement with the shape-coexistence model is achieved, as the d-bandhead excitation 
energies are quite low near N=104, but contrary to expectations [W083], they do not 
minimize near N=104, but minimize near N=98.
The behaviour of the intruder bandhead energy approximately follows the 
systematics of the 1/2“[541] orbital, (which as we have seen, may in fact minimize in energy 
near N=100 in the Re isotopes), supporting the model.
Finally, by contrast with the results of [DR86] for the Pt nuclei, we note that the 
bandhead of the intruder remains above that of the normal configuration.
9.4 Pairing systematics 
9.4.1 Introduction
The pairing systematics of Er,Yb,Hf and W nuclei have been studied by Garrett et 
al [GA80a], by Finding the pairing gap parameter ACSM, in the CSM, required to match the 
crossing frequency of the s-band.
A simpler method of determining A in even-even nuclei is to extrapolate the 
experimental Routhian of the AB configuration to w=0. The value at the intercept,
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Figure 9.13 Pairing gap parameters and intruder excitation energy deduced using the three-band model as a function 
of neutron number for the Os isotopes.
are naturally accounted for in the method of Garrett et al, but they are generally small, less 
than 40 keV for the present nuclei, thus e^ftH )) « A.
Since the VMI is formally equivalent to the Harris parameterisation, the values 
eqp(w=:0) can be determined from excitation energy o f the s-bandhead Eq(s) above the g -  
bandhead ^ (g ), in the three-band model, if  the aligned angular momentum of the s-band 
is fixed. In the previous analysis, the value of i was taken from either the CSM calculations 
or the experimental Routhians and the value of the pairing gap parameter Aflt is given by
26^ (01=0 ) should equal
(9.4)
The values
be = eqp(w=0)-A (9.5)
Am = i (Ea(s)- (9.6)
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The analysis of Garrett et al [GA80a] was largely confined to nuclei in the range 
88<=N<=101 and showed that the values of ACSM (a) displayed an odd-even staggering 
which they attributed to blocking in the odd nuclei; (b) were generally higher (by « 10%) 
than the values of the pairing gap parameter deduced from the odd-even mass differences 
A ^ ; and (c) that the deduced pairing smoothly decreased with increasing N after N«92 and 
minimized near N=98.
Although Acsm is model dependent, and also depends on the other parameters 
employed in the CSM calculations, such as 7 (sections 6.1,6.2), the values of A ^ displayed 
a similar behaviour as a function of N, to those of ACSM, by gradually decreasing as N=98 
is approached [GA80a].
9.4.2 A as a function o f neutron number
In Figure 9.13 the values of Afll obtained by fitting the even osmium isotopes, are 
plotted as a function of neutron number and compared with A^. For 170- 174Os, the fitted 
values are in good agreement with the values ACSM required by the CSM to match the 
bandcrossing frequencies (see eg Table 6.1), supporting the fitting procedure. In the odd 
nuclei, due to blocking, the pairing is reduced.
The behaviour of Aflt and A^, as a function of N, shows a clear minimum at N = 
98, agreeing with the findings of [GA80a] and the conjecture that the increased moment of 
inertia in N=98 nuclei is due to a weaker pair field.
This contrasts with the behaviour of A ^ which for values of N>100 and N<98, are 
lower than those required to fit the s-band. A similar effect was found by Garrett et al 
[GA80a], using the CSM in a study of lighter isotopes. This implies that the A ^ obtained 
from systematics, while useful, are not an accurate guide to the value required to reproduce 
bandcrossings.
9.4.3 A near N  = 96
The value of Afil deduced for the 5/2+[402] band of 171 Re, is 899 keV, even lower 
than in 174Os, while that of the 9/2"[514] band, from a two-band fit, is higher (1298 keV), 
very near the value found for the isotone 172Os (1320 keV). The values of the pairing
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deduced for both of these bands axe consistent with those required by the CSM to match 
crossing frequencies and alignments. Thus it is concluded that a reduced pairing in the 
5/2+[402] band is responsible for the AB neutron alignment and crossing frequency 
differences with the 9/2“[514] band, particularly, since these bands are expected to have 
similar deformation.
This effect is not confined to 171 Re. In 177Re, the AB crossing in the 5/2+[402] band 
again precedes that in the 9/2~[514] band, although the total gain in aligned angular 
momentum has not been determined. Presumably the origin of this reduced pairing could 
lie in a proton-neutron interaction.
9.5 Complex neutron alignment interpretations
In Figure 9.13, the behaviour of the 
bandhead energies for N > 98 follows that 
of the deduced neutron pairing. The lower 
the value of the pairing, the greater the 
effect on the yrast sequence. This is also 
demonstrated in Table 9.2, where the ratio 
of d-bandhead energies to Aflt is listed.
The constancy of this ratio for N > 98 suggests that the behaviour of the yrast band below 
the backbend in these nuclei is related to the neutron pairing. The bandhead energy of the 
(7zh9/2)o configuration depends on the p-n interaction, which presumably could influence 
neutron pairing, however, the mechanism is unclear. Perhaps the band fitted in the nuclei 
174_182Os is unrelated to .any proton intruder configuration. Since the d-band tracks the 
behaviour of the S* to 12+ states, as this is the spin interval of the g-d crossing in these 
nuclei, the bandhead energy may simply reflect the influence of some other perturbation, 
in this spin region, on the g-band.
Either of the complex neutron alignment mechanisms are qualitatively 
consistent with this behaviour, as the bandhead energy of any band composed of aligned 
neutrons, must depend on the neutron pairing.
Table 9.2
Ratio, of pairing gap parameter to intruder bandhead 
energies.
Neutron Number
94 0.97
96 0.46
98 0.17
100 0.21
102 0.23
104 0.28
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In Table 9.3, the results of Wyss et Table9.3
Deformation as a function of frequency.
al’s [WY90] calculations of deformation as ^ ^ _ _ ========,
a function of frequency, for l78.180*182Os Nucleus io 7
are listed. They indicate that in 178Os, the 1780s
gsb 0.13 0.24 -1
AB neutron alignment will decrease e and
s-band
0.21 0.27 -1
0.25 0.21 -11
may therefore give rise to the complex 180Os
0.33 0.20 -11
gsb 0.13 0.23 -1
alignment mechanism discussed in section 0.21 0.24 -2
s-band 0.25 0.21 -12
7.2, of a prolate to triaxial shape change
1820 s
0.33 0.20 -12
during the AB alignment. This is
gsb 0.13 0.22 -2
0.21 0.22 -5
s-band 0.25 0.21 -12
consistent with the upbend observed in 0.33 0.21 -14
l78Os. A strong interaction with the prolate AB configuration gives rise to the upbend,
while a weak interaction gives rise to the backbend associated with the less deformed triaxial 
configuration. As more neutrons are added, the Fermi surface rises, moving away from 
low-0 components of the i13/2 shell, so that by N=106, a neutron alignment is no longer able 
to drive the nucleus to lower values of &2- Thus only the strongly interacting ground-prolate 
AB crossing is visible in 182Os. A two band fit to this backbend requires an interaction 
strength of about 270 keV.
The alternative BCAD crossing mechanism cannot be distinguished from the proposal 
of Wyss et al, by the alignment curves alone. These two mechanisms might be distinguished 
experimentally by measuring B(E2) values in the region of the upbends, as the BCAD 
configuration must favour smaller values of and positive values of y.
However, below N=98, the ratio of d-bandhead energy to A, in Os isotopes, changes 
quickly, perhaps implying that the upbend in 172Os, at N=96, is no longer related to the 
neutron pairing. A low value for A was found for the 5/2+[402] band of 171 Re, but the yrast 
band of 1720s, which also has an anomalous upbend, has a large value of A.
176
10. Summary and Conclusions
The impetus for this work was to find the cause of the low-spin upbend in 172Os. 
In so doing, level schemes of 171,173Os, 171Re and 173Re have been deduced for the first 
time.
The bandcrossing phenomena were initially discussed in terms of the CSM. Since 
these nuclei are soft, dynamic changes in deformation are expected. Yet despite the 
deformation parameters of the CSM being fixed, all backbending phenomena were described 
quite succesfully, when appropriate pairing and deformation parameters were chosen, in 
terms of i 13/2 neutron alignments -  even in the presence of anomalous low-spin upbends.
However it could not account for the upbending phenomena in the yrast bands of 
172,174Os, the 5/2+[402] bands of 171,173Re, or those in 173Os.
The shape coexistence model, based on ;rh9/2 excitations, albeit at a phomenological 
level, was found capable of explaining all bandcrossing features not contained in the CSM 
or previously understood, with the possible exception of the i 13/2 bands of the odd osmium 
isotopes.
Within the model, the hypothesis of an h9/2 intruder configuration qualitatively 
describes both the behaviour of different bands in the Re isotopes, and the systematic 
behaviour of upbending in the heavier Os isotopes. It is the correlation between low values 
of the 1/2“[541] bandhead energies and the fitted intruder bandhead energies in the Os 
isotopes, and the absence of low-spin upbends in the 1/2"[541] bands, that implicates the 
h9/2 configuration. Whereas for Pt isotopes, the intruder was found to have a negative 
energy with respect to the normal or less deformed configuration [DR86], in Os, the normal 
configuration is relatively more deformed, and the intruder remains as an excited 
configuration. The model is also qualitatively consistent with the behaviour of the yrast 
bands of even-even nuclei with lower atomic number.
Thus evidence for the presence of the ( ^ 9/2)0 intruder excitation, once confined to 
Z>=78, has been extended into the Os and Rhenium nuclei, and perhaps those of lower
atomic number.
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The Os and Re nuclei are expected to be soft, so alternative neutron-alignment 
mechanisms, based on dynamic changes to deformation, and pairing, were considered. With 
varying degrees of success, they could explain the the behaviour of the osmium isotopes, but 
a crucial test of these models was in the 5/2+[402] and 9/2~[514] bands of the Re nuclei. 
Alignment differences between these bands could not be explained in terms of deformation, 
in the model of Wells et al [WE89], because the measured B(M1)/B(E2) values in the 
5/2+[402] band of 171 Re appeared to be in conflict with the deformation driving favoured 
by the BCAD configuration.
The other degree of freedom, neutron pairing, was probed by the three-band mixing 
calculations, in which 2A defines the excitation energy of the s-band. Apart from Os, 
where a large value of A was found, low values of pairing appeared to be correlated with 
the presence of an upbend. Whether this implies that the anomalous upbending is a neutron 
effect, or whether the energy of the intruder excitation and the neutron pairing are 
related, is not clear. In 171 Re, the neutron pairing gap parameter was found to be smaller 
in the 5/2+[402] band than the 9/2"[514] band. In this region, the neutron pairing is 
normally considered to be independent of the proton configuration, but apparently, this 
assumption should now be put to further scrutiny.
At this stage, no model of anomalous upbending has been able to give quantitative 
agreement between theory and experiment. Clearly the measurement of bandhead energies, 
particularly of the 1/2”[541] band in an odd-proton nucleus, is desirable to test the accuracy 
of Strutinsky type calculations, but ultimately, only experiment will distinguish between the 
competing models. With the possibility of dynamic changes of deformation and pairing, 
bandcrossing frequencies and alignment gains alone are not definitive proof of the cause of 
an alignment. B(M1)/B(E2) values are uncertain if the shape of the nucleus is unknown. 
Perhaps the seperate measurement of both deformation, and g-factor, will ultimately 
identify the culprit of the upbends in the Osmium and Rhenium nuclei.
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